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Abstract
Crustal deformation studies of tectonic motions have been the topic of many scientific
investigations, as they can provide critical information about how tectonic structures shape and deform
the Earth. While crustal deformation studies using observational data alone can provide a great deal of
information about how the Earth is presently deforming, it is standard practice to implement
mathematical and physics-based models to investigate the underlying causes of deformation in the crust.
These models, constrained by geological, geodetic and seismic data, have successfully contributed key
constraints of ongoing deformation processes and have provided predictions of past and future tectonic
behavior of the Earth. One of the most popular regions of study on Earth is the San Andreas Fault
System (SAFS), as it provides an ideal environment for investigating the deformation caused by a major
continental transform boundary. Furthermore, the Death Valley Fault Zone (DVFZ) is an ideal area to
study large-scale crustal deformation due to its well-exposed features related to progressive extensional
deformation.
This dissertation presents new information about the deformation, stress accumulation rates, and
strain rates taking place in the DVFZ and SAFS using three-dimensional (3-D) crustal deformation
models. Chapter 1 provides the background and motivation of the modeling work applied to both fault
systems. Chapter 2 provides the results obtained from applying a 3-D semi-analytic viscoelastic model
constrained by GPS measurements to explore the kinematics and stress accumulation in the DVFZ.
Chapter 3 analyzes the influence of intrusions on the motion and deformation of the DVFZ through a
finite difference modeling approach. Chapter 4 explores the strain rate distribution within the SAFS,
assuming a dipping fault geometry for its southern segments, utilizing a modified 3-D semi-analytic
viscoelastic model. Lastly, Chapter 5 gives a description of the future work that may be followed based
on the results obtained from this dissertation work.
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Chapter 1: The Dynamic Earth
1.1 Plate tectonic motions
The best evidence of the dynamic activity on the Earth is preserved in its crust. This is where we
find much about the history of our planet (earthquakes, volcanic eruptions, mountains, etc.) since its
formation ~ 4.6 billion years ago. Tectonics is the study of motion and deformation of Earth’s crust.
This theory claims that the lithosphere, the solid portion of the Earth that includes the crust and upper
mantle, is broken into individual plates (pieces) that move over the partially molten and weak
asthenosphere, whose motion have lead to the formation of continents, oceans and volcanoes. After the
theory of plate tectonics was widely accepted in the 1970’s, geologists are now able to understand and
explain many of the fundamental processes that have shaped the Earth.
Tectonic plate motions are presently deforming Earth’s surface and have been doing so for the
last several million to a few billion years. Most of the interaction occurs at the plate boundary where the
most active deformation is located and it is where earthquakes, volcanic eruptions and mountain
formation take place. A major earthquake is the sudden release of great amounts of energy caused by the
accumulation of stress due to plate motion. There also exist regions of internal deformation and stress
accumulation within a plate due to the presence of faults, or fracture zones. Three main types of plate
motion are recognized: divergent, convergent and transform. In a divergent motion, plates move apart
allowing the magma located in the asthenosphere to rise and create new lithosphere (Figure 1.1a). The
crust is thinned, due to the extension produced by the motion, and magma rises to the surface along
fractures. The best example of this type of plate motion is localized in the Mid-Atlantic Ridge where the
record of new lithosphere is preserve [Cochran, 1979; Lin et al., 1990]. When the plates move in the
opposite direction (towards each other), lithosphere is destroyed as one of the plates is subducted under
the margin of the other one, incorporating itself into the asthenosphere (Figure 1.1b and c). The geologic
structures resulting from different convergent plate boundary processes are different (e.g. volcanoes,
1

mountains, earthquakes and rock metamorphism) depending on the type of lithosphere that is colliding,
but the processes involved (e.g. convergence motion) are the same. The Himalayas Mountains, for
example, were formed after the Indian plate converged with the Asian plate in a continent-continent
collision [Hodges et al., 1996; Rowley, 1996].
With transform plate motion, lithosphere is neither created nor destroyed because the plates slide
past each other parallel to the direction of motion (Figure 1.1d). Transform faults are also known as
strike-slip faults that generally form segments of lithospheric plate boundaries (multiple faults). Strikeslip faults are usually highly continuous features that are even visible from space. Although the location
and extent of these types of faults can be observed easily, they are one of the most complex types of
faults to analyze because they are rarely exposed at depth and the displacement of stratigraphic (rock)
units is not a reliable indicator of strike-slip motion and displacement. This is because the arrangement
of rock layers on each side of the fault may be the same where exposed producing no visible separation
on a map. Furthermore, the apparent motion of a fault does not always reflect the actual offset. The
amount of displacement and shear sense is obtained by earthquake focal mechanisms, but mostly by the
analysis of the structures related to these faults (e.g. shear fractures, folds, normal and thrust faults).
Therefore, the analysis of a fault can depend on the analysis of other structures and not entirely on the
strike-slip fault itself.
The well-known San Andreas Fault System (SAFS) in California is a classic representation of
strike-slip motion (Figure 1.2). This fault marks the boundary between the Pacific and North American
plate and accommodates approximately 46 – 50 mm/yr of slip motion [DeMets et al., 1999, 1994;
Working Group of California Earthquake Probabilities (WGCEP), 1995, 1999] along its ~ 1500 km of
length and has been deforming much of California over the last 20 million years. The motion of this
plate boundary has impacted not only the way in which geologist look at plate tectonics but also
people’s lives due to the thousands of deaths and injuries and the billions of dollars in property damage
2

caused by the earthquakes. Having a better understanding of the key seismic hazards in the fault system
can help to forecast and minimize the destruction of future earthquakes.

Figure 1.1. Principal types of plate boundary motion. (a) Divergent, (b – c) convergent and (d) transform. Yellow stars
indicate the location of earthquakes and red arrows indicate the direction of motion. Modified from Moore and Wicander
[2009].

The Death Valley Fault Zone (DVFZ) is the eastern most fault system in the Eastern California
Shear Zone (ECSZ), which is a tectonically active region located to the east of the SAFS. This fault zone
accommodates between 2 to 6 mm/yr of motion [Dixon et al., 1995; Bennett et al., 2003; Hill and
Blewitt, 2006] which is ~ 10% of the slip produced by the Pacific-North American plate. The basic
processes forming Death Valley’s geologic structures (e.g. strike-slip fault motion, extension and
deformation) are uncertain, due to different interpretations proposed to describe the well-exposed
features found in the area (e.g. Shawe, 1965; Hill and Troxel, 1966; Wright and Troxel, 1967, 1970,
1987; Steward, 1967, 1983; Serpa and Pavlis, 1996; Chavez-Perez et al., 1997; Wernicke, 1999). It is
also a region of tectonic extension, where deformation and tectonic motion have been interpreted to be
closely related to the emplacement of magma [Otton, 1976; Holm and Wernicke, 1990; Wright et al.,
3

1991] and strike-slip faulting [Burchfield and Steward, 1966; Serpa and Pavlis, 1996; Wright et al.,
1999], but the relationship between these processes is poorly understood. Although this is the perfect
region to study the origin of large-scale continental deformation, there has not been a comprehensive
geodetic study or a detailed 3-D modeling analysis to investigate the processes that are currently active
today and that are inferred to have played a major role in the evolution of the Death Valley structures.

Figure 1.2. The San Andreas Fault System (SAFS). The location of the SAFS is shown in blue and the DVFZ (Death Valley
Fault Zone) is shown in red. Black lines represent other faults in the system. The gray shaded box marks the location of the
East California Shear Zone (ECSZ). White arrows indicate the relative plate motion between the Pacific and North American
plates (~50 mm/yr).

4

1.2 The earthquake cycle
One of the key components of crustal deformation studies is the influence of crustal motions
from earthquakes. Earthquakes are defined as sudden motion on a fault caused by the abrupt release of
stress and strain. The Great San Francisco earthquake of April 18, 1906 was the catalyst event that gave
rise to the first precise measurements of tectonic strain release conducted by Reid [1910]. In this work,
he proposed the elastic rebound theory of earthquakes (Figure 1.3) that states that as plates on opposite
sides of the fault move relative to each other, friction on the fault causes it to “lock”, preventing it from
slipping. This gradually accumulates strain causing elastic deformation in the rocks on either side of the
fault until it overpass the limit of strain the fault can resist. When this limit is reached, the fault suddenly
slips, causing the fault to rupture and releasing the accumulated strain producing an earthquake. Rocks
return to their original (un-deformed) shape after the earthquake, but they do not return to their original
location. Reid’s theory formed the fundamental study of strain accumulation and stress released
throughout the earthquake cycle.
The earthquake cycle explains the cyclic behavior of faults of accumulating and releasing stress
and strain. The term “cycle”, however, does not imply that earthquakes occur in a periodic or regular
basis, as a large body of evidence suggests that repeating earthquakes are not identical, but in general
they follow similar behaviors in accordance with the cycle predictions [Thatcher, 1983; Nishenko and
Buland, 1987; Sukmono et al., 1997]. These behaviors are divided into three phases: coseismic,
postseismic and interseismic. The earthquake itself marks the coseismic phase (Figure 1.3b) where there
is the sudden release of energy (strain) and motion that generates seismic waves. This produces
observable shaking and ground offsets. The postseismic stage is characterized by the occurrence of
aftershocks and transient slip after the coseismic phase. This transient phenomenon is due to the
relaxation of the lower crust and upper mantle after the upper crust releases the strain. The fault zone
experiences deformation during this stage but in lesser scale in comparison to the coseismic stage. This
5

stage can last for several years, sometimes decades, until it eventually decays to zero and the fault zone
deformation returns to a steady (interseismic) behavior.

Figure 1.3. The elastic rebound theory. (a) Representation of a locked 2-D fault with deep interseismic slip below depth d,
which results in a steady slip (or displacement) rate and a constant strain rate accumulation. (b) Representation of a 2-D fault
free to slip (fault not locked) above depth d, resulting in coseismic horizontal displacement and stress release. Modified from
Thatcher [1986].

The steady behavior of a fault zone is called the interseismic stage and constitutes most of the
earthquake cycle. During this stage, the upper portion of the fault is “locked” due primarily to friction
between the rocks and gradually accumulates strain. The gradual strain accumulation (strain rate) during
this stage, usually measured in nanostrain/year, provides insight into the forecasting of location and
magnitude of future earthquake events. Below the locked portion of the fault, plates are interpreted to
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slip freely, avoiding the accumulation of large amounts of stress during the cycle because at those depths
(~ ≥ 30 km) the temperature and pressure is such that rocks are usually ductile.
1.3 Geologic and geodetic observations
The Pacific-North American plate boundary has been the focus of many geologic and geodetic
studies using different techniques and resources. Excavations across faults have provided approximate
dates and locations of earthquake events, as well as fault geometry, since these records can be very well
preserved within the layers of rocks [Gross et al., 2002; Green, 2003]. Stratigraphic and radiometricdating studies have generated enough data to explore the formation and evolution of structures,
especially in the Death Valley area [Holm et al., 1994; Knott et al., 1999]. Gravity, magnetic and
seismic data have also provided information for examining the structural history of the region [e.g.
Serpa et al., 1988; Keener et al., 1993]. Although these investigations have been successful in
explaining the deformation and structures caused mainly by large-scale plate motions, they cannot
provide detailed information about the rheological conditions that may support/have supported such
deformation.
Geodetic data obtained by the Global Positioning System (GPS) contribute observations of the
slow motion of plates as well as the development of transient strains that may lead to earthquakes. GPS
was originally designed for military navigational purposes but due its low cost and high accuracy, the
scientific community adopted it as a tool to investigate surface processes occurring on the Earth’s
surface. Like many techniques, there are some uncertainties in GPS measurements caused by
topography or atmospheric conditions, but overall they have been able to produce, up to some degree of
accuracy, very good approximations of crustal motion. To increase the accuracy of GPS velocities, and
ultimately stress-strain calculations, GPS measurements should be recorded for several years (≥ 10
years). Today, more than 1000 GPS stations are located across the Pacific-North American plate
boundary to monitor its slow motion (e.g. the Plate Boundary Observatory (PBO) [PBO Steering
7

Committee, 1999]). For the Death Valley Fault Zone region, the University of Nevada Reno's (UNR)
Mobile Array of GPS for Nevada Transtension (MAGNET) network [Blewitt et al., 2009] have also
contributed with several GPS stations to record data in California and Nevada (Chapter 2, Section 4).
The combination of GPS measurements, covering much of the SAFS and other related faults like the
DVFZ, and mathematical models allow geoscientists to investigate the behavior and properties of the
crust and mantle along active plate boundaries.
1.4 Deformation models
The creation and application of sophisticated computer models (analytic and/or numeric) have
significantly broadened our understanding of plate tectonic behavior. The capability of simulating
complex fault geometry, rheological properties, and time evolution in two and three dimensions are key
ingredients that advance our understanding of earthquake cycle rates of motion and stress changes.
Models are typically combined with results from laboratory experiments, geologic mapping, and
geophysical observations to further study earthquake cycle, deformation and constrain fault and
rheological parameters. The practices of integrating these techniques to solve complicated deformation
problems are a major component of ongoing crustal deformation research.
Analytic models provide elegant descriptions of fault motion in 2 and 3 dimensions and open the
door for solving more complex deformation problems. For example, analytic modeling is capable of
describing the displacement, stress and strain of a strike-slip fault in an elastic medium (also half-space)
[Weertman, 1964; Rybicki, 1971; Okada, 1985, 1992]. Such a model simulates a locked fault below
which the medium is free to slip, thus accommodating long-term plate motion at a constant slip rate
between earthquakes. This 2-D model is computed using the equations for a homogeneous elastic halfspace that is slipping between the depths d1 and d2 [Weertman, 1964] expressed as

8

(1.1)

(1.2)

where v is the velocity or displacement, Vo is the slip rate or slip, x is the distance across fault-plane and
d1 and d2 are the lower and upper locking depth, respectively. These equations simulate how the
deformation (or displacement) varies with distance from the fault. Equation 1.1 describes the deep slip
extension of a fault during the interseismic stage of the seismic cycle, where d2 is typically taken to be
the fault locking depth and d1 is assumed to be some infinitely large depth; equation 1.2 is used to
express the shallow displacement caused by a locked fault during the coseismic stage of the seismic
cycle, where d1 is the fault locking depth and d2 is the surface or the upper locking depth. This fault
motion is illustrated in Figure 1.4.
Equation 1.1 primarily describes slip rate, locking depth and stress accumulated along a fault
during the interseismic stage of the earthquake cycle, making it an important expression to utilize for
this study. Figure 1.5 shows the comparisons of the different 2-D models created using equation 1.1
where variations in velocity across the fault zone are simulated by assigning different upper locking
depths (d2). These arctangent curves illustrate the interseismic slip rate across the fault where the left
side of the fault is moving at a velocity of V0/2 and the right side at a velocity of –V0/2. These curves
also change shape as the upper locking depth values are varied, where a shallow upper locking depth
yields a sharper “step” across the fault than a deeper locking depth. For example, the profile using a
shallow depth, d2 = 2 km (black line), yields a much sharper curve than the profile using a deep depth, d2
= 20km (magenta line). These results have important implications pertaining to the accuracy of the
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parameters applied in such models. Moreover, the upper locking depths of a fault can be tuned so that a
model generates surface velocities that optimally fit a fault-perpendicular profile of interseismic
geodetic observations.

Figure 1.4. Illustration showing fault behavior as depicted from equations 1.1 and 1.2. The red line indicates the location of
the fault plane. Figure (a) describes fault motion during the interseismic stage of the seismic cycle having a fault freely
slipping between the depths d1 and d2. Diagram (b) describes the minimum and maximum depth at which a fault is locked
during and earthquake (coseismic stage).

Analytic models have evolved to simulate both 3-D elastic and viscoelastic deformation. For the
latter case, postseismic relaxation of the crust/mantle after an earthquake is incorporated into
viscoelastic time-dependent calculations that account for the effects of an elastic layer and a viscoelastic
half-space [Rundle and Jackson, 1977; Savage and Prescott, 1978]. Purely analytic models spanning
large regions are computationally efficient but potentially misleading and a semi-analytic model (i.e., a
hybrid of analytic and numerical techniques) can help improve this handicap. In particular, a 3-D semianalytic viscoelastic model, developed by Smith and Sandwell [2003, 2004, 2006], combines analytical
and numerical methods to analyze deformation based on a set of equations that are analytic in time and
10

depth dimensions, but the horizontal dimensions (x-, y- direction) are obtained from two dimensional
Fourier analysis.

Figure 1.5. Diagram showing the behavior of the 2-D model fault profile as the upper locking depth varies (d2 in equation
1.1). The upper locking depth parameter was changed to different depths while the lower locking depth was kept constant at
1000000 km. V0 is also held constant at 1mm/yr.

Numerical methods are useful for analyzing more complex fault scenarios (e.g. fault geometry,
structural heterogeneities, rheological variations) [e.g. Ward, 1985; Sonder et al., 1986; Frederiksen and
Braun, 2001]. These models are often computationally inefficient and difficult to verify, especially when
dealing with complex problems. Finite element and finite difference models, examples of numerical
models, are used to tackle problems related to large displacements and strains and unstable systems
(material failure and collapse). They have also provided the means to calculate deformation related to
temperature-dependent processes (e.g. Willett et al., 1985; Bird, 1989).
1.5 Dissertation Summary
The purpose of this dissertation is to provide an improved understanding of the motion,
deformation and stress caused by interactions of an active strike-slip fault system and a pull-apart basin
11

using three-dimensional (3-D) fault deformation models. These 3-D deformation models consist of a (1)
3-D semi-analytic viscoelastic model and (2) a thermo-mechanical finite difference model. Most of the
projects presented here focus on the DVFZ and are aimed at answering several key questions: what are
the slip rates, locking depths, elastic plate thickness and viscosity of this fault system? What are the
material properties and rheology that allow the reproduction of the pull-apart basin structure? What is
the strain distribution and magnitude due to the presence of an intrusion in the DVFZ?
These questions are addressed in the following chapters of this dissertation. First, a 3-D semianalytic viscoelastic model [Smith and Sandwell 2003, 2004] is applied to the DVFZ and constrained by
GPS velocities spanning the Pacific-North American Plate boundary to calculate fault locking depths,
slip rates, elastic plate thickness, viscosity and Coulomb stress accumulation rate in the DVFZ. The
results obtained from this modeling approach are found in Chapter 2. Second, a thermo-mechanical
analysis of the DVFZ using a finite difference numerical code is given in Chapter 3. In this chapter, the
Fast Lagrangian Analysis of Continua in 3-D (FLAC3D) is used to analyze the magnitude and spatial
distribution of shear strain rate over time due to the presence of an intrusion (emplacement of magma) in
the system. The research focus is then aimed at analyzing the entire SAFS using a modified 3-D semianalytic viscoelastic model that simulates deformation from both vertical and dipping fault geometry.
Chapter 4 presents the results of a SAFS strain rate study that investigates the role of fault dip using this
new model. The incorporation of dipping fault geometry will help construct a more accurate strain rate
map for ongoing studies of the Southern California Earthquake Center and Uniform California
Earthquake Rupture Forecast version 3 (SCEC UCERF3) [SCEC UCERF3 Workshop Report, 2010] and
therefore ultimately help improve forecast of future earthquakes. Lastly, Chapter 5 addresses future
work that should be followed based on the results obtained from this entire body of work.
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Chapter 2: Interseismic Deformation and Geologic Evolution of the Death Valley
Fault Zone1

Abstract. The Death Valley Fault Zone (DVFZ), located in southeastern California, is an active fault
system with an evolved pull-apart basin that has been deforming over the past 6 Myr. We present a
study of the interseismic motion and long-term stress accumulation rates to better understand the nature
of both past and present-day loading conditions of the DVFZ. Using a 3-D semi-analytic viscoelastic
deformation model, combined with geodetic velocities derived from the Mobile Array of GPS for
Nevada Transtension (MAGNET) network and the Southern California Earthquake Center (SCEC)
Crustal Motion Map version 4 (CMMv4) GPS data, we establish parameters for interseismic slip rate
and apparent locking depth for four DVFZ fault segments. Our preferred model provides good fit to the
data (1.0 mm/yr and 1.5 mm/yr RMS misfit in the fault-perpendicular and fault-parallel directions,
respectively) and yields apparent locking depths between 9.8 – 17.1 km and strike-slip rates of 3 – 7
mm/yr for the segments. We also determine subsidence (0.5 – 0.8 mm/yr) and extension (1.0 – 1.2
mm/yr) rates in the pull-apart basin region. With these parameters, we construct a DVFZ evolution
model for the last 6 Myr that recreates the motion of the fault blocks involved in the formation of the
present-day geological structures in Death Valley. Finally, using Coulomb stress accumulation rates
derived from our model (0.25 – 0.49 MPa/100yr), combined with earthquake recurrence interval
estimates of 500 to 2600 years, we assess present day seismic hazards with calculated moment
magnitudes ranging from 6.7 – 7.7.

1This

chapter, in full, is a reprint of the material as it appears in the Journal of Geophysical Research and reproduced by
permission of the American Geophysical Union (doi:10.1029/2011JB008552). Authors: Cecilia Del Pardo, Bridget R. SmithKonter, Laura F. Serpa, Corne Kreemer, Geoffrey Blewitt and William Hammond. The dissertation author was the primary
investigator and author of this paper. Bridget R. Smith-Konter and Laura F. Serpa directed and supervised the research.
Corne Kreemer, Geoffrey Blewitt and William Hammond collected, processed and provided the geodetic data utilized in this
study as well as contributing with insightful reviews.
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2.1

Introduction
The Eastern California Shear Zone (ECSZ) is a tectonically active region of the Basin and Range

province located to the east of the San Andreas Fault System (SAFS) (Figure 2.1). While the SAFS
marks the major boundary between the Pacific and North American plates, roughly 20 – 25% of plate
boundary motion is manifested by faults of the ECSZ [Dokka and Travis, 1990; Bennett et al., 1997;
McClusky et al., 2001; Knott et al., 2005; Hill and Blewitt, 2006]. Based on geological and geodetic
studies, the ECSZ, including the Sierra Nevada microplate, produces between 10 – 14 mm/yr of
displacement [Wernicke et al., 1988; Bennett et al., 1997; Dixon et al., 2000; McClusky et al., 2001;
Bacon and Pezzopane, 2007] distributed along three right-lateral transtentional fault zones: the Death
Valley Fault Zone (DVFZ), the Panamint Valley – Hunter Mountain – Saline Valley Fault Zone
(PHSFZ) and the Owens Valley Fault Zone (OVFZ). The DVFZ is one of the longest (~ 310 km in
length) and geologically fastest slipping fault systems in the Basin and Range province [Machette et al.,
2001].
Of particular interest to this study, the DVFZ is composed mainly of right-lateral strike-slip
faults and normal faults accommodating between 2 to 6 mm/yr of motion [Dixon et al., 1995; Bennett et
al., 2003; Hill and Blewitt, 2006]. Three major fault sections make up the DVFZ (Figure 2.1): the
Northern Death Valley Fault Zone (NDVFZ), the Black Mountains Fault Zone (BMFZ) and the
Southern Death Valley Fault Zone (SDVFZ). The NDVFZ and the SDVFZ are part of a group of
northwest trending, right-lateral strike-slip faults found in the southeastern Great Basin [Butler et al.,
1988; Dokka and Travis, 1990]. The BMFZ, also referred to as the Central Death Valley fault zone, is a
normal and strike-slip fault system along with the NDVFZ and SDVFZ motion [Burchfield and Stewart,
1966; Hill and Troxel, 1966].
The Death Valley region, located in southeastern California, has been the topic of many geologic
and geophysical investigations aimed at understanding the processes involved in its formation and
17

evolution. To reconstruct the Cenozoic history of the region, geological studies [e.g. Burchfield and
Stewart, 1966; Hill and Troxel, 1966; Wright and Troxel, 1966, 1967; Stewart, 1983; Wright and Troxel,
1987; Buttler et al., 1988; Serpa and Pavlis, 1996; Knott et al., 1999; Wernicke, 1999] have interpreted
fault block motion responsible for the present day geological structures and deformation features.
Geophysical analyses of gravity, magnetic, cosmogenic, and seismic reflection data have aided in the
study of the evolution of the DVFZ region [e.g. Serpa et al., 1988; Keener et al., 1993; Blakely et al.,
1999], revealing the upper crustal structure, fault block rotations, and basin development. Several more
focused studies on subsections of the DVFZ have also been conducted [e.g. Butler et al., 1988; Miller
and Pavlis, 2005; Frankel et al., 2007a, 2007b], revealing the amount and direction of fault
displacement, slip rates of the NDVFZ and SDVFZ, and the mechanisms of extension in Central Death
Valley. Although there have been many targeted studies of specific Death Valley geologic structures and
segments of the fault zone, thus far there has not been a comprehensive geodetic study focused on the
entire DVFZ.
The purpose of this investigation is to develop a three-dimensional (3-D) deformation model,
constrained by GPS observations, to estimate apparent locking depth and slip rates of the primary fault
segments of the DVFZ. From these parameters, we assess variations in stress, strain, and moment
accumulation rate for the segments of the DVFZ and place these values in context with regional seismic
hazards. We also construct an evolution model of Death Valley to study the formation of the pull-apart
basin ~ 6 Ma. Our ultimate goal in this analysis is to utilize both geologic and geodetic data to
understand the contemporary slip rate of the DVFZ and relate this to the Cenozoic history to reconstruct
the processes involved in its evolution.

18

Figure 2.1: Map showing the location of the Death Valley Fault Zone (DVFZ) and fault segment names used in this study.
Dark black line represents the DVFZ, with black arrowheads indicating our model fault segmentation. Dashed lines depict
the location of the Garlock fault, Panamint Valley Fault Zone (PVFZ), Hunter Mountain Fault (HMF), Saline Valley Fault
(SVF) and Owens Valley Fault Zone (OVFZ). The white circles represent the location of campaign SCEC CMMv4 sites, the
white triangles mark the location of the semi-continuous UNR MAGNET GPS stations, and white squares are continuous
GPS sites used in this study. Gray circle indicates the place where the 1872 Owens Valley earthquake occurred. Insert:
Regional San Andreas Fault System (SAFS) in California. The gray shaded rectangle marks our study area within the Eastern
California Shear Zone (ECSZ) in reference to the greater SAFS.

2.2

Kinematics and Geologic Observations of the Death Valley Fault Zone
Based on previous studies, the two strike-slip faults systems in the DVFZ, the SDVFZ and the

NDVFZ, appear to be closely related but have large differences in both net slip and modern slip rate
[Davis and Burchfield, 1973; Stewart, 1983; Butler et al., 1988]. Earlier geologic studies have estimated
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slip rates ranging 3 – 9 mm/yr [Klinger and Piety, 2000; Frankel et al., 2007a, 2007b; Willis et al.,
2008], while geodetic analyses estimate rates spanning 2 – 8 mm/yr [Bennett et al., 1997; Dixon et al.,
2000; McClusky et al., 2001] for the NDVFZ, suggesting that this fault zone likely accommodates most
of the motion produced in the northern portion of the ECSZ. In contrast, the SDVFZ has a geologic slip
rate between 3 – 5 mm/yr [Willis et al., 2008; Southern California Earthquake Center (SCEC), 2011]
and a geodetic slip rate of ~3 mm/yr [Gan et al., 2000; McClusky et al., 2001]. The BMFZ, which runs
through the entire pull-apart basin region, has a geologic strike-slip rate estimated at ~ 4 mm/yr [Willis
et al., 2008] and a geodetic slip rate of ~3 mm/yr [McClusky et al., 2001].

Figure 2.2. Diagram showing the overall right-lateral strike-slip motion of the DVFZ and the location of the area of tension
(gray shaded area) that gave rise to the pull-apart basin in Central Death Valley, California. Modified from Burchfield and
Stewart [1966].
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One of the most characteristic features in the Death Valley area is the pull-apart basin in Central
Death Valley, located between the Panamint Range and the Black Mountains blocks [Burchfield and
Stewart, 1966; Hill and Troxel, 1966]. The basin has a highly oblique geometry, a length of
approximately 100 km and trends in the north-northwest direction. It has an elevation of approximately
80 m below sea level at its lowest point and includes approximately 3 km of Cenozoic sediments and
sedimentary rocks [Mabey, 1963; Serpa et al., 1988; Keener et al., 1993]. The pull-apart basin (Figure
2.2) was formed in a right stepping bend or gap between the two strike-slip systems [Burchfield and
Stewart, 1966]. According to Stewart [1983], motion on the NDVFZ was initiated prior to the SDVFZ
and the ongoing motion of both faults gave rise to the present pull-apart basin system in Central Death
Valley during the Miocene [Holm et al., 1994; Serpa and Pavlis, 1996]. An oblique-slip zone of normal
faulting located along the eastern margin of the basin records its extension rate of approximately 1 – 3
mm/yr [Burchfield and Stewart, 1966; Hill and Troxel, 1966; Serpa and Pavlis, 1996; Chavez-Perez et
al., 1997; Klinger and Piety, 2000; Knott et al., 2005].
The formation and evolution of a pull-apart basin depends on a number of factors [Aydin and
Nur, 1982]. First, there has to be an offset between two strike-slip faults such that the net displacement
across the offset is extensional. The manner in which the basin evolves is highly dependent on the stress
field, on the rheology of the rocks around the faults that produce the basin, and on the rotation of the
fault trace. When a fault trace is rotated counterclockwise with respect to the far-field velocity vector,
the fault will produce a compressional field forming uplift in the region. In the case of the DVFZ, the
faults in the system are in a clockwise rotation with respect to the far-field velocity vector, generating an
extensional field in the pull-apart basin area, producing a graben structure.
2.3

3-D Deformation Model of the DVFZ
To investigate the kinematics of the DVFZ, we have developed a 3-D crustal deformation model

for four fault segments of the fault system (Figure 2.1, Table 2.2). Segment 1 consists of the SDVFZ,
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segment 2 corresponds to the BMFZ that includes the pull-apart basin, and the two remaining segments
represent the NDVFZ (segments 3a and 3b). This last fault zone is divided into approximately two
equal-length segments, as this section is the longest fault within the DVFZ (~ 170 km) and previous
studies have suggested that its slip rate may vary along strike [Frankel et al., 2007b; Ganev et al., 2010].
All fault segment traces were digitized at ~1 km resolution, representing the location of the fault system
using over 200 linear fault elements. The fault segments were projected into a new coordinate system
based on the Pacific-North American plate boundary pole of rotation (PoR) (50.1°N and 285.6°W)
[Wdowinski et al., 2007] and embedded in a 1-km grid spanning 500 km by 500 km grid cells in the
north-south (y-direction) and east-west (x-direction) directions.
For this study, we use a 3-D semi-analytic linear viscoelastic Maxwell model [Smith and
Sandwell, 2003, 2004, 2006] that simulates both the elastic [e.g., Okada, 1985, 1992] and timedependent viscoelastic [e.g., Rundle and Jackson, 1977; Savage and Prescott, 1978] response of vertical
strike-slip fault elements to a distribution of body forces. The problem is solved analytically in both the
vertical and time dimensions (z, t), while the solution in the two horizontal dimensions (x, y) is
developed in the Fourier transform domain to exploit the efficiency offered by the convolution theorem.
The model consists of a series of vertical connected faults embedded in a homogeneous elastic plate
overlying a viscoelastic half-space (Figure 2.3) and simulates interseismic strain accumulation,
coseismic displacement, post-seismic viscous relaxation of the mantle and complimentary stress
behaviors at all stages.
The complete earthquake cycle is modeled with two components: secular and episodic. The
secular model simulates interseismic slip that occurs between the fault locking depth and the base of the
elastic plate (d to H, Figure 2.3). We construct this secular model by prescribing fully relaxed slip
(assuming infinite time) over the entire thickness of the elastic plate up to the shallow locking depth. In
this model component, the fault system is a mature one (geologically evolved), where we analytically
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sum an infinite number of earthquake cycles to simulate a full secular velocity step across a fault system
[Smith and Sandwell, 2004]. The episodic model component (or earthquake-response model) prescribes
slip over the locked section of each fault segment (0 to d).

Figure 2.3. Diagram illustrating the 3-D semi-analytic viscoelastic fault model simulating the response of a body force planar
dislocation embedded in an elastic layer overlying a linear Maxwell viscoelastic half-space. Fault elements are embedded in a
plate of thickness and extend from a lower depth of d1 to an upper depth of d2. A displacement discontinuity (whose
magnitude is determined by the slip rate V0) across each fault element is simulated using a finite width force couple, F,
embedded in a fine grid.

Deep slip along faults drives the secular interseismic crustal motions and stress accumulation.
Long-term slip rates and locking depths are constrained by contemporary geodetic velocities. The nonsecular motion on each fault segment is determined by the earthquake rupture history on that segment.
This history requires some knowledge of the timing of major earthquakes over at least the last 1000
years (i.e., an earthquake cycle) and the slip distribution along the segment. Except for the more recent
instrumentally recorded events, historical slip distribution is usually unknown and paleoseismic
earthquake dates and slip are uncertain. Thus to accommodate realistic earthquake deformation through
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time, we assume that the amount of coseismic slip for each historical event is equal to the accumulated
slip deficit on that segment, estimated by the slip rate and the time since the last major event. The
duration of the viscoelastic response, characterized by the Maxwell time, depends on the viscosity of the
underlying half-space and the elastic plate thickness [Smith and Sandwell, 2006]. We assume fixed
values (Table 1) for the Young’s modulus (E = 75 GPa), Poisson’s ratio (n = 0.25), shear modulus (m =
30 GPa), density (r = 3300 kg/m3), and gravitational acceleration (g = 9.81 m/s2).

Table 2.1. Fixed Model Parameters
Property

Name

Young’s modulus (E)
Poisson’s ratio (ν)
Shear modulus (μ)
Density (ρ)
Gravitational acceleration (g)
Recurrence Interval

75 GPa
0.25
30 GPa
3300 kg/m3
9.81 m/s2
1200 yrs

In our modeling procedure, we solve for the following model parameters: apparent locking depth
for each DVFZ segment (d), horizontal strike-slip rate for each DVFZ segment (s), regional elastic plate
thickness (H) and half space viscosity (η). Our model parameter analysis also includes motion on the
PHSFZ and OVFZ, where we adopt slip rates and fault depths from previous studies. The PHSFZ and
OVFZ are divided into four fault segments bounded by the paralleling coordinates of the four segments
we define for the DVFZ. Strike-slip rates are adjusted to ensure that the sum of input slip rates across the
fault system is equal to the far-field estimate of 14 mm/yr in accordance with the upper bound slip
motion of the Sierra Nevada microplate located north of the Garlock fault [Wernicke et al., 1988;
Bennett et al., 1997; Dixon et al., 2000; McClusky et al., 2001; Bacon and Pezzopane, 2007]. Based on
previous measurements [Serpa et al., 1988; Willis et al., 2008; SCEC, 2009], we assign a slip rate of 4.8
mm/yr for the four fault segments of the DVFZ, which we later adjust to match the geodetic data. In our
starting model, we designate a priori deep slip rates of 5.0 mm/yr for the PHSFZ [Gourmelen et al.,
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2011] and 4.2 mm/yr for the OVFZ. For each model iteration that searches for the best fitting slip rate
on the four DVFZ segments, we adjust the OVFZ slip rate such that the total far-field slip across
paralleling segments sums to 14 mm/yr and require that each OVFZ segment slip rate remains within the
uncertainty range of the geodetically determined slip of 3.9 ± 1.1 mm/yr [Dixon et al., 1995]. Our
starting model also specifies uniform values for locking depth (10 km for all fault segments), and a
homogeneous elastic plate thickness of 23 km and viscosity of 1 x 1019 Pas.
The time-dependent portion of the model requires information about historical earthquake events
and recurrence intervals. The DVFZ study region is an area with low seismic activity in comparison the
SAFS. The only significant (Mw ≥ 6) recorded seismic data available for the general region is from the
1872 Mw = 7.8 Owens Valley earthquake (Figure 2. 1). Recurrence intervals are 1750 – 3100 years for
the OVFZ [Dixon et al., 2003], 860 – 2360 years for the PHSFZ [Zhang et al., 1990], and 500 – 2600
years for the DVFZ [Wesnousky, 1986; Klinger and Piety, 2000; Dixon et al., 2003]. Previous modeling
efforts have suggested that present day velocities are not significantly sensitive to seismic events dating
back longer than 10 Maxwell times, or ~ 200 years [Smith and Sandwell, 2004], hence we adopt an
average recurrence interval of 1200 years for all fault segments in the model. Coseismic fault slip is
obtained by multiplying the long-term slip rate of each fault segment by the time between the last major
earthquake or by the recurrence interval if no seismic data are known for each respective segment.
2.4

Geodetic Inversion
We use GPS-derived horizontal velocities within the ECSZ to constrain our model parameters.

The velocities apply in this study are derived from a subset of GPS station position time series from a
global analysis of ~4,000 GPS stations collected between 1996 and 2009. To minimize the impact of
stations reflecting slip on faults outside the ECSZ, we limit our study to velocities provided by stations
located ~ 25 km west to the westernmost part of the OVFZ and ~100 km to the east of the DVFZ (Figure
2.1). This subset contains 240 stations that provide 480 horizontal velocity components whose velocity
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field is given in Figure 2.4a. All available continuous GPS stations in the study area with at least 2.5
years of data are used together with semi-continuous stations of the University of Nevada Reno's (UNR)
Mobile Array of GPS for Nevada Transtension (MAGNET) network [Blewitt et al., 2009], which
typically have ~4 years of data consisting of 3 campaigns of ~1 month data collection. Velocities from
the Southern California Earthquake Center (SCEC) Crustal Motion Map version 4 (CMMv4) [Shen et
al., 2011] are also included by solving for and applying a transformation between the CMM velocity
field and our velocity field for continuous and MAGNET stations.
GPS data are processed using the precise point positioning method of the GIPSY-OASIS II
method [Zumberge et al., 1997] with reprocessed fiducial-free GPS orbits and clocks made available by
the Jet Propulsion Laboratory (JPL). The GPS observation model includes absolute calibration models
for both the station antennas and GPS satellite transmitters. Models of solid earth tides and tidal ocean
loading are applied. Tropospheric delay is modeled independently at each station by a zenith parameter
and two gradient parameters as a random walk process. Ambiguity resolution is subsequently applied by
UNR's Ambizap3 software [Blewitt, 2008], which exploits a fixed-point theorem and global network
estimation filter that operates on the EMST (Euclidean minimum spanning tree).
Daily coordinate transformation parameters into the International Reference Frame (ITRF2005)
are provided by JPL. ITRF2005 positions are transformed into NA09, a North America-fixed reference
frame developed at UNR, by performing daily transformations into a frame that is defined by
minimizing the horizontal velocities of 16 stations across the stable part of the North America continent
(away from areas affected by glacial isostatic adjustments). Common mode errors for this continental
scale frame are further reduce by including an additional 35 stations as far away as Greenland, Alaska,
Hawaii, and the Caribbean in a daily spatial (7 parameter) filter. We estimate station velocities from the
resulting daily time-series using the CATS software package [e.g., Williams, 2003] while accounting for
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annual and semi-annual constituents. The same software is used to estimate rate uncertainties given the
assumption that the error model is dominated by white noise plus flicker noise.
Our model parameter analysis uses both inverse and forward modeling techniques to fit GPSderived velocities. To estimate the apparent locking depths for each of the 4 fault segments of the DVFZ
we utilize an iterative least square inverse approach based on the Gauss-Newton method. This method
solves the set of equations

(2.1)

where Vgps is the geodetic velocity measurement from the GPS stations in terms of the x and y Cartesian
coordinate, Vm is the velocity obtained by the model based on a set of locking depths, d, that minimizes
the root mean square residual misfit (RMS). This misfit is calculated using the equations

(2.2)

,

(2.3)

where Vres is the residual velocity, σi is the uncertainty calculated for the ith geodetic velocity
measurement, and N is the number of geodetic observations.
We use a Taylor expansion series in terms of locking depth, d, to obtain Vm as

(2.4)
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In equation 2.4, the partial derivatives are calculated numerically over a 1-km depth range and Δj
adds a small perturbation in the jth depth parameter. The small model perturbation is calculated using a
weighted approach represented by

(2.5)

where C represents the diagonal covariance matrix of GPS uncertainties, l is the damping parameter, and
I is the identity matrix. Damping parameter l = 5, determined empirically [c.f. Strang, 1986], is used for
each iteration to stabilize residual misfit results of the inversion. While locking depths are estimated
using the above inverse methods, we solve for slip rates, elastic plate thickness, and half-space viscosity
using a forward modeling approach where we iteratively minimize the residual misfit of the model and
data through an incremental parameter search. We performed 2 rounds of iterations for both inverse and
forward modeling approaches. The second round of inverse and forward iterations utilized the best-fit
results of the first run of iterations as the starting model parameters to ensure model parameter stability.
2.5

Results

2.5.1

DVFZ Model Parameters
Our locking depth inversion involves 6 free parameters corresponding to two horizontally-shifted

velocity components for the GPS data (fault-parallel and fault-perpendicular directions, used to place the
geodetic data within the reference frame of the model) and 4 apparent locking depths associated with
each DVFZ model fault segment. The horizontally shifted velocity parameters are calculated by
removing the mean misfit obtained from the starting model parameters. We iterated 30 times through
our inversion algorithm until the locking depth solutions provided stable results with minimal
uncertainties. Next, we iteratively modified slip rates, elastic plate thickness, and half-space viscosity (6
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free parameters) for a minimized RMS velocity residual. In total, we performed over 70 iterations,
scanning the parameter space for locking depths ranging from 1 – 20 km, slip rates ranging from 1 – 8
mm/yr, elastic plate thicknesses spaning from 15 – 50 km, and viscosities varying between from 1 x 1017
– 1 x 1021 Pas.
Our best-fitting model yielded an RMS velocity misfit of 1.0 mm/yr in the fault-perpendicular
direction and 1.5 mm/yr in the fault-parallel direction (Figures 2.4 – 2.5). Locking depth and slip rate
results for each fault segment are provided in Table 2 and discussed further in Section 2.5.2.
Uncertainties in locking depths are determined from the covariance matrix of the final iteration and are
reported at 1σ standard deviation. Our best-fit model requires an elastic plate thickness of 35 km and
half-space viscosity of 1 x 1019 Pas. In comparison, results from previous studies have suggested a
crustal thickness between 30 and 35 km [Asmerom et al., 1990; Serpa, 1990] while other studies assume
elastic plate thickness of 15 km [Hammond et al., 2009; 2010] for the DVFZ. Prior results have obtained
higher crustal viscosities (1019.5 Pas - 1020.5 Pas) [Hammond et al., 2009; 2010] and combined upper
mantle viscosities of 1018.5 - 1019 Pas [Pollitz et al., 2001; Hammond et al., 2009, 2010]. These results
suggests that our elastic layer extends to depths consistent with the mid to lower crust thickness and the
viscosity of the underlying region is consistent with that of the lower crust and upper mantle.
2.5.2

Horizontal Velocity Field
The vector velocity field resulting from our best-fitting parameter set is illustrated in Figure 2.4b,

with the misfit between GPS and modeled velocities shown in Figure 2.4c. As the model parameters for
the DVFZ segments are specifically optimized to provide a minimized residual, our results show lowest
residual differences along the DVFZ corridor. Figure 2.4 depicts a small amount of rotation to the east
of the DVFZ in the GPS velocity field that our model does not account for. This difference may be due
to the effect of the pole of rotation applied in this study, which we adopted from previous SAFS model
[e.g. Wdowinski et al., 2007], thus we expect some regional errors. Complications arising from the
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interaction of the Garlock fault with southern extensions of the OVFZ, PVFZ, and DVFZ are also
evident.

Figure 2.4. Map view of the (a) GPS velocities used in this study, (b) predicted velocity by our model and (c) the misfit
between the observed and modeled velocities. Arrows indicate the direction and magnitude of motion. Solid black line marks
the location of the DVFZ and dashed black lines the trace of the additional fault systems considered in the model (OVFZ and
PHSFZ) except for the Garlock fault.

Our resulting horizontal velocity fields are also illustrated in the fault-parallel and faultperpendicular components shown in Figure 2.5. We model a cumulative right-lateral fault-parallel
velocity field of 3.8 – 6.7 mm/yr (2.9 – 7.3 mm/yr including uncertainties) for the different segments of
the DVFZ. In the fault-perpendicular direction, velocities of approximately 0.5 – 0.6 mm/yr of east
trending (positive) deformation span most of the pull-apart basin region, showing the perpendicular
component of motion caused by the right lateral slip of the DVFZ as the fault system bends clockwise.
To compare our best-fitting model velocities with the GPS velocities, we extract a model velocity profile
across the center of each of the fault segment corridors (Figure 2.6), while the GPS data were binned
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within the fault corridors and projected onto the perpendicular trace. Fault corridors are of the same
length as the division of the fault segments of the DVFZ (see Figure 2.5). Overall, fault-parallel (Figure
2.6a) and fault-perpendicular (Figure 2.6b) velocity profiles are in general agreement with the GPS
velocities, although there is notable scatter in the data for the fault-perpendicular component. We note
that the residual misfit to these data (1.0 mm/yr and 1.5 mm/yr in the fault-perpendicular and faultparallel directions, respectively) is quite good, however some of the visible scatter in the data,
particularly in the fault-perpendicular component, is caused by the projection of station locations onto a
single profile.
Our model results (Table 2.2) yield a locking depth of 12.7 ± 1.0 km and a slip rate of 5.7 ± 0.7
mm/yr for the SDVFZ, shown in segment 1 of Figure 2.6. The model velocity of this section is primarily
constrained by stations found to the east side of the fault segment. Stations located on the west side of
the fault produce a noticeable misfit between the model profile and GPS velocities, which is likely due
to complexities arising from motion along the Garlock fault. The GPS velocity field along the southwest
quadrant of the DVFZ-Garlock intersection (Figure 2.4a) reveals both southeast and southwest (y-x
space) oriented velocities, while our model simulates simple strike-slip north oriented velocities here,
due to the omission of the Garlock fault. This is also reflected in the fault-perpendicular profile (Figure
2.6b), where the GPS measurements follow the behavior of the model to the east of the fault and depict a
great deal of scatter to the west. Both locking depth and slip rate solutions agree with previously
published locking depth results ranging from 5 – 13 km [Peltzer et al., 2001; Dixon et al., 2003; Meade
and Hager, 2005; Willis et al., 2008] and slip rate estimates of 3 – 8 mm/yr [Bennett et al., 1997; Dixon
et al., 2003; Hill and Blewitt, 2006; Willis et al., 2008]. These results from previous groups also reflect
motion along the BMFZ (segment 2), where we estimate a locking depth of 9.8 ± 2.6 km and a slip rate
of 4.8 ± 0.7 mm/yr. The modeled results obtained for segment 2 fit quite well with the stations located to
the east of the fault and one station located to west. The remaining stations available on the west of the
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fault reflect anomalous motion of the PHSFZ, suggesting that our assumed slip rate (from Gourmelen et
al., 2011) for this segment should be less than 5 mm/yr here. The fault-perpendicular profile of segment
2 provides a consistent agreement between the model and the GPS measurements.
Table 2.2. Death Valley Fault Zone Model Parameter Results
Segment

Name

Slip rate*
(mm/yr)

1
2
3a
3b

SDVF
BMFZ
NDVF a
NDVF b

5.7
4.8
3.8
6.7

σa

0.7
0.7
0.9
0.6

Locking
depth (km)

σb

12.7
9.8
17.1
13.1

1.0
2.6
1.3
1.0

Coulomb Stress
rate (MPa/100yr)

Strain rate

Moment rate

(nstrain/yr)

(1014 • Nm/100yr/km)

Moment
magnitude

0.46
0.36
0.25
0.49

153.3
119.4
82.2
161.7

2.2
1.4
1.9
2.6

7.0 – 7.4
6.7 – 7.2
7.0 – 7.5
7.1 – 7.7

NOTE: These values are obtained using an elastic plate thickness of 35 km and a half-space viscosity of 1 x 1019 Pa⋅s
*
Slip rate refers to the strike-slip rate
a
Slip rate uncertainty at one standard deviation.
b
Locking depth uncertainty.

Along the area of the two DVFZ northern segments, we have an improved coverage of GPS
stations. The best model parameters obtained, given in Table 2.2, for the NDVFZ (segments 3a and 3b),
reflect locking depths of 17.1± 1.3 km (3a) and 13.1 ± 1.0 km (3b). Averaging these two segments yield
a locking depth of 15.1 km for the entire NDVFZ segment, compared to the 13 km locking depth
estimated by Willis et al. [2008]. Slip rates derived by previous studies suggest that the NDVFZ segment
has a slip rate between 2 – 9 mm/yr [Bennett et al., 1997; Dixon et al., 2000; Klinger and Piety, 2000;
McClusky et al., 2001; Frankel et al., 2007a, 2007b; Willis et al., 2008]. Our modeled slip rates (Table
2.2) of 3.8 ± 0.9 mm/yr and 6.7 ± 0.6 mm/yr for the southern (3a) and northern (3b) segments of the
NDVFZ, respectively, are within reasonable agreement of previous results. In the velocity profiles
displayed in Figure 2.6, we note some larger misfits between GPS and model velocities (fault-parallel
and fault-perpendicular directions) for these two segments. As shown in the segment 3a fault-parallel
velocity profile (Figure 2.6a), we overestimate the GPS velocities to the west of the DVFZ, due to an
applied high slip rate on the PHSFZ and OVFZ segments, required by our constant far-field velocity
constraint (discussed in Section 2.4). The model also overestimates the fault-parallel velocity of segment
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3b west of the fault but it agrees with all of the GPS velocities to the east. In the fault-perpendicular
velocity profile of segments 3a and 3b (Figure 2.6b) we also note a moderate correlation between model
and GPS velocities. Our model consistently calculates a higher fault-perpendicular velocity than the
observed velocity. This difference between the observed geodetic and model velocities is also revealed
in Figure 2.4c where we note higher residual vectors to the east of the NDVFZ.
We can infer fault perpendicular (or extension rates) for the DVFZ based on the geometry of the
faults and the strike-slip rate applied to the model. The fault-perpendicular component is not a parameter
we solve for within model parameter search, but rather a consequence of bending fault geometry and
fault-perpendicular motion. This is demonstrated in Figure 2.5b between segments 1 and 2, where our
model simulates an increased fault-perpendicular velocity (> 0.6 mm/yr) field that corresponds to a net
eastward motion in this region due to the transtensional bend in the fault trace. Peak rates of extension
are ~ 1.0 – 1.2 mm/yr along the pull apart basin. Alternatively, between the northern segments (3a and
3b) we also have an area with moderate negative values of fault-perpendicular velocity (~ -0.5 mm/yr),
caused by the combination of a small transpressional bend here and secondary effects from the PHSFZ
fault geometry to the west.
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Figure 2.5. Modeled horizontal velocity fields of the DVFZ with segment locations in the pole of rotation (PoR) x-y
coordinate system, showing the (a) fault-parallel and (b) fault-perpendicular directions. For this model projection, we use the
PoR of Wdowinski et al. [2007] (50.1°N and 285.6°W) and note that the axes are represented in km from a chosen starting
position at the southwest corner of the fault zone. Dashed gray line marks the location of the PHSFZ. White circles represent
the GPS station locations. The dashed black lines represent fault profile locations of the model represented in Figure 2.6. The
black arrowheads represent fault segment corridor boundaries, from which GPS stations are plotted in Figure 2.6. Fault labels
correspond to segments coinciding with Table 2.2: (1) SDVF, (2) BMFZ, where the pull-apart basin is located, (3a) southern
segment of the NDVFZ and (3b) northern segment of the NDVFZ.
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Figure 2.6. Modeled velocity profiles (gray line) acquired across the center of each fault segment (Figure 2.5, dashed lines)
with GPS velocities (black circles) from each fault segment corridor (Figure 2.5, black arrowheads) projected onto each
profile for visual comparison. Vertical gray box shows the location of the fault segment in profile view and dotted vertical
gray line indicates the location of the PHSFZ. The horizontal axis of each plot represents the horizontal (east-west) distance
across the model profile. In the left column (a) we show the best fitting fault-parallel velocity model for each fault segment
and in the right column (b) we show the fault-perpendicular velocities of the best fitting model for each fault segment.

2.5.3

Vertical Motion
Vertical motion of the DVFZ is an important calculation in that it provides a first-order rate of

subsidence and uplift of the pull-apart basin and surrounding mountain structures in central Death
Valley. To develop the model, we assume that the far-field motion is always parallel to the relative plate
motion vector. Because the fault segments are not always parallel to this driving force, horizontal
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motion on free-slipping fault planes has both a fault-parallel and fault-perpendicular component. It is the
fault-perpendicular component that drives most of the vertical deformation, thus any vertical
deformation features revealed by the model are a direct result of bends in the fault segment geometry.
For simplicity, our model does not account for vertical loads due to topography. Furthermore, because
the model parameters are constrained only by horizontal GPS velocity measurements, resulting vertical
velocity deformation can be compared with both geologically inferred rates and geodetically measured
velocities.
Our model yields very minor (< 0.2 mm/yr) uplifting and subsiding features along most of the
bends of the DVFZ, however our focus is on the major subsiding feature that dominates the interseismic
kinematics of the pull-apart basin. The vertical velocity profile along this fault segment (Figure 2.7b)
shows present-day subsidence rates between 0.5 and 0.8 mm/yr across the fault trace. This motion is in
agreement with the theory of pull-apart basin formation for a right stepover associated with strike-slip
faults [Aydin and Nur, 1982]. The model generates a large oval-shaped depression that represents the
subsidence along the entire segment where the pull-apart basin is located. Geologic estimates of the area
have calculated a basin of approximately 3 km deep [Keener et al., 1993; Blakely et al., 1999], inferring
a constant subsidence rate of 0.5 mm/yr since its formation ~ 6 Ma. Our earthquake cycle model
suggests subsidence rates on the order of 0.5 mm/yr are appropriate for the secular portion (last ~1000
years) of the earthquake cycle, although this rate can vary from +0.25 mm/yr to -0.5 mm/yr for the first
200 years after a major earthquake. These rates are described further and applied to an evolution model
of the DVFZ is discussed in Section 2.6.3.
As a first-order comparison, we also inspect available vertical GPS velocities along the region of
the BMFZ. We again note that these data were not used to constrain our model parameters and should be
used with caution due to relatively high measurement uncertainties (0.2 – 1.3 mm/yr for the DVFZ
region). Furthermore, vertical rates have larger uncertainties than horizontal rates and generally are not
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reliable until the time-series include at least 3 years of data. In Figure 2.7b, we compare our vertical
velocity model profile with the GPS velocities from stations that have been recording data for more than
5 years (open circles) and for less than 5 years (solid circles). Our vertical model has an RMS misfit of
0.4 mm/yr and mostly overestimates the subsiding (negative) GPS velocities, although the model profile
does lie within 5 out of 7 velocity uncertainties. This overestimation suggests that the horizontal slip rate
we apply to this fault segment could be decreased to better match the vertical data, although doing so
would not provide the best fitting velocity model for the fault-parallel and fault-perpendicular
components.

Figure 2.7. (a) Zoomed in view of the vertical velocity field model highlighting the BMFZ segment of the DVFZ. Negative
values represent subsidence. Fault segment labels and symbols are the same as in Figure 5. (b) Modeled vertical velocity
profile (gray line) acquired perpendicular to the center of the BMFZ fault corridor showing the subsidence in the pull-apart
basin region. GPS velocities for this segment (black open circles) are projected onto the fault-perpendicular profile for visual
comparison. Black filled circles represent the GPS stations that have been recording data for less than 5 years.
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2.5.4

Interseismic Stress and Strain Accumulation Rates
We calculate Coulomb stress accumulation rate [e.g., King et al., 1994; Simpson and

Reasenberg, 1994; Smith and Sandwell, 2003] along the four fault segments of the DVFZ. This
calculation is based on the Coulomb failure criterion, expressed as

σ˙ f = τ˙ − µ f σ˙ n ,

(2.6)

€ and shear stress rates on a failure plane, respectively, and µf the
where σ˙ n and τ˙ represent the normal
effective coefficient of friction. Our model calculates the stress rate tensor from the 3-D vector velocity

€ field €
in the same manner as Smith and Sandwell [2003, 2006] and we also assume a constant µf of 0.6.
To calculate the normal and shear stresses, we assume that the strike-slip fault is a vertical fault plane
and that right-lateral shear stress is positive. We obtain depth-averaged Coulomb stress rate at a depth
equal to half of the locking depth modeled for each fault segment [King et al., 1994; Smith-Konter and
Sandwell, 2009]. From Coulomb stress accumulation rates we can also estimate the Coulomb strain rate
( ε˙ ) of each fault segment of the DVFZ. This is obtained by taking the ratio between the Coulomb stress
rate ( σ˙ f ) and the rock shear modulus ( ) expressed as

€
€

ε˙ =

σ˙ f
.
µ

(2.7)

€ we assume a constant shear modulus of 30 GPa and evaluate stress
For strain rate calculations

rate at the surface, instead of half the locking depth, to represent the locality in which strain is typically
measured by surface strainmeters.
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Our model results reveal Coulomb stress accumulation rates (Figure 2.8) that are relatively high
along segments 1 and 3b (peak rates calculated at 0.46 MPa/100yr and 0.49 MPa/100yr, respectively)
and relatively low along segment 3a (0.25 MPa/100yr). Representative peak stress and strain rates for
each fault segment are given in Table 2.2. As Coulomb stress accumulation rate is proportional to slip
rate and inversely proportional to locking depth, these results illustrate how a fault with a low slip rate
and relatively deep locking depth (i.e., segment 3a), accumulates stress at a relatively lower rate. In
comparison, segment 2 accumulates stress at a relatively higher rate (0.36 MPa/100yr) with only a
slightly faster slip rate (4.8 ± 0.7 mm/yr vs. 3.8 ± 0.9 mm/yr) but a much shallower locking depth (9.8
km vs. 17.1 km). Also, contrasting stress accumulation rates along the NDVFZ (3a and 3b) may be due
to the fact that the northern segment is closer to the OVFZ and this fault zone may influence the stress
accumulating on the northern segment more than the southern segment. In addition, Coulomb stress
accumulation rates are dependent on the compressional and extensional fields inherent to fault’s
orientation with respect to far-field driving force; stress accumulation rates are slightly decreased (or
increased) when the fault’s geometry is a compressional (or extensional).
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Figure 2.8. Coulomb stress accumulation of the DVFZ in MPa/100 years. Fault segment labels and symbols are the same as
in Figure 2.5. Color scale is saturated at 0.8 MPa/100yrs.

Comparing the DVFZ stress accumulation rates with those of the SAFS, (0.2 – 7.2 MPa/100yrs)
[Smith-Konter and Sandwell, 2009], rates for the DVFZ are mostly lower, but do coincide with stress
rates for some segments of the San Jacinto fault and of the Eastern California Shear Zone (north of the
Garlock fault). This difference is mainly influenced by larger slip rates (12 – 40 mm/yr) and, in some
cases, more shallow locking depths (6 km) along the SAFS. Likewise, we estimate DVFZ strain rates of
82.2 – 161.7 nstrain/yr that are lower than the primary San Andreas strain rates derived from large-scale
strain rate models developed for the Pacific-North American plate boundary (100 – 3000 nstrain/yr)
[Sandwell et al., 2010; Uniform California Earthquake Rupture Forecast v.3 (UCERF3), 2011],
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however these rates are consistent with the ~ 50 – 300 nstrain/yr strain rates found locally along the
DVFZ [Smith-Konter et al., 2010].
2.6

Discussion

2.6.1

Geologic vs. Geodetic Slip Rate Discrepancies
Minor discrepancies between geologic and geodetic slip rates along the DVFZ exist, although

they are not significant. For example, for the NDVFZ segment, geologic slip rates have been estimated
at 3 – 9 mm/yr [Klinger and Piety, 2000; Frankel et al., 2007a, 2007b; Willis et al., 2008] and previous
reports of geodetic slip rates have been estimated between 2 – 8 mm/yr [Bennett et al., 1997; Dixon et
al., 2000; McClusky et al., 2001]. Such discrepancies might be due to several factors. The earthquake
cycle of a fault, for instance, can cause changes in interseismic velocity [Dixon et al., 2003; Meade and
Hager, 2005]; fault velocities are faster right after an earthquake and become slower towards the end of
the cycle. Considering that there is no record of major events along the DVFZ over the last 1000 years
and recurrence intervals are estimated at similar time scales, suggests that the DVFZ might be near the
end of its earthquake cycle. Thus we might expect geodetic rates to be lower than geologic rates.
However, the SDVFZ and the BMFZ slip rates obtained by our model are slightly higher than the
geologic estimates (~ 1 mm/yr), suggesting that perhaps these two segments are not quite at the end of
their respective earthquake cycles. In comparison, the two fault segments of the NDVFZ are within
reasonable agreement with geologic values implying that might be nearing the ends of their earthquake
cycle. Another possible explanation for our larger slip rates is that we do not take into consideration
internal deformation within fault blocks or other faults in the larger system [Cemen and Wright, 1990;
Serpa and Pavlis, 1996], which may decrease the velocities of our modeled slip rates.
We also note that there is a high degree of correlation between slip rate and locking depth
parameters in geodetic models, as has been demonstrated by several studies [e.g., Segall, 2002;
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McCaffrey, 2005; Smith-Konter et al., 2011]. The basic premise is that models with faster slip rates and
deeper locking depths can provide an equivalent fit to geodetic data as compared with models with
slower slip rates and more shallow locking depths. In other words, the slip rate and locking depth
parameter estimation problem is ill conditioned. In this analysis, we have done our best to avoid any slip
rate or locking depth biases, and have investigated all optimal combinations of parameters before
arriving at the best-fit parameters discussed here.
It is also important to note that the total resultant far-field horizontal velocities for all segments
are lower than the prescribed slip rates. For example, the input slip rate of segment 2 is 4.8 ± 0.7 mm/yr;
however the cumulative far-field velocity revealed in Figure 2.6a for this segment is 2.7 mm/yr. These
phenomena result from the response of a relatively thin elastic plate [Rybicki, 1971; Smith and Sandwell,
2004]. Simple 2-D analytic solutions (e.g., Rybicki [1971]) demonstrate the inherent relationship that
exists between the thickness of an elastic plate and the resulting far-field surface velocities; an elastic
half-space model (i.e., infinite elastic plate thickness) produces exact far-field surface velocities from
input slip rates, on the other hand layered elastic/viscoelastic models can produce far-field velocities
with only a fraction of the input slip rates, depending on the thickness of the elastic plate. Moreover, the
thicker the elastic plate, the better far-field velocities will agree with input slip rates. Relating this to our
DVFZ model, the relatively thin elastic plate (35 km) reduces the resulting far-field velocities. Because
of this behavior, our slip rate parameter search tends to prefer larger rates than some that have
previously been reported in the literature. While our forward modeling prefers a thin elastic plate, to test
the relationship of slip rate and elastic plate thickness, we also performed a simple test using a thicker
plate. For this model we forced the elastic plate thickness to be 50 km and solved for the best-fitting slip
rates. This approach resulted in an overall decrease in preferred slip rates by ~1 – 3 mm/yr for the
DVFZ. The velocity field generated for this model deviated only slightly from the velocity field shown
in Figures 2.5 and 2.6, but with a higher RMS residual (1.1 mm/yr and 1.7 mm/yr RMS misfit in the
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fault-perpendicular and fault-parallel directions, respectively). Furthermore, while our results appear to
support the use of a thin elastic plate, the elastic plate thickness may play an important role in the
reconciliation of geologic and geodetic slip rates.
2.6.2

Seismic Moment
During the interseismic stage of the earthquake cycle, stress is accumulated over time in the

shallow locked zone of a fault. The interseismic phase is completed when this stress is released resulting
in an earthquake, or coseismic stress drop. The rate at which stress accumulates on a fault, in
conjunction with earthquake recurrence intervals, can be used to make first-order estimates of the stress
drop and earthquake magnitude of seismic events. As little is known about the size of past DVFZ
earthquakes, this approach can be used to constrain earthquake magnitudes and assess future seismic
hazards.
Utilizing Coulomb stress accumulation rates obtained by our model, combined with a DVFZ
earthquake recurrence interval of 500 – 2600 years [Wesnousky, 1986; Klinger and Piety, 2000; Dixon et
al., 2003], we estimate minimum and maximum stress drops (Δσ) for DVFZ segments, assuming a
constant stress accumulation rate. We then estimate seismic moment (Mo) by incorporating the
dimensions of each fault segment,

(2.8)

where w is the locking depth and L is the length of each segment. The moment magnitude (Mw) is
obtained using the relationship
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(2.9)

We can also make simple estimates of seismic moment rate from our resulting model parameter
analysis. The seismic moment accumulation rate is estimated from the locking depth (dj), slip rate (sj),
and µ values of each fault segment. In this analysis, we estimate the seismic moment accumulation rate
per unit fault length (l) as

˙
M
j
l

= µd j si .

(2.10)

€
We calculate earthquakes moment
magnitudes for the DVFZ ranging from 6.7 – 7.1 (based on

the lower recurrence interval of 500 years) and 7.2 – 7.7 (based on the upper recurrence interval of 2600
years). We also calculate seismic moment rates for the DVFZ ranging from 1.4 – 2.6 x 1014
Nm/100yr/km (Table 2.2). Because there is a linear relationship between seismic moment accumulation
rate, locking depth, and slip rate, fault segments with deeper locking depth and higher slip rates produce
a higher moment accumulation rate. Conversely, as moment magnitude is derived from stress drop,
which is inversely proportional to locking depth, it is also possible to have larger earthquake magnitudes
from more shallow fault depths. This is reflected in our results obtained by our model and moment
magnitude calculations. For example, the highest moment accumulation rate, 2.6 x 1014 Nm/100yr/km,
is calculated for the NDVFZ (b) segment. This fault segment has the fastest slip rate, one of the deeper
locking depths (17.1 km) and is poised to generate the biggest moment magnitude (7.1 – 7.7 for the
lower and upper recurrence intervals, respectively). In contrast, the BMFZ segment has the lowest
moment rate (1.4 x 1014 Nm/100yr/km) and smallest moment magnitude (6.7 – 7.2 for the lower and
upper recurrence intervals).
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While moment accumulation rates for the DVFZ are low in comparison to moment rates
estimated for the primary SAFS (8.7 – 7.7 x 1014 Nm/100yr/km) [Smith-Konter et al., 2011], these rates
are comparable to rates derived for some segments of the San Jacinto fault and the ECSZ, which are ~ 2
– 4 x 1014 Nm/100yr/km [Smith-Konter et al., 2011]. Considering the ECSZ hosted two significant
earthquakes in the last 20 years (1992 M7.3 Landers earthquake and the 1999 M7.1 Hector Mine
earthquake), it is certainly possible that the DVFZ is cable of generating a large event. Previous studies
have reported a broad range of plausible earthquake magnitudes for the DVFZ (6.5 – 7.9) [Wesnousky,
1986; Field et al., 2009; Southern California Earthquake Center (SCEC), 2011] but the new magnitudes
derived here further limit this range of magnitudes to 6.7 – 7.7. Community-derived seismic hazard
models like the Uniform California Earthquake Rupture Forecast V2 (UCERF2) establish the probability
of having a seismic event of a magnitude greater or equal to 6.5 along the DVFZ during the next 30
years between 5 – 7% [Field et al., 2009], largely based on relatively low slip rates of the fault zone.
Moreover, although seismic events along the DVFZ have not dominated the historic earthquake record
and are currently thought to have a low probability of occurring in the next 30 years, these results imply
that when a large earthquake does occur along the DVFZ, it has the potential to release large amounts of
energy and significantly alter the regional stress field.
2.6.3

Death Valley Evolution Model
Due to the well exposed structures in the Death Valley area, there is a general agreement on the

right-lateral sense of motion, the north-west trend, and that the displacement of both the NDVFZ and the
SDVFZ produced the pull-apart basin [Burchfield and Stewart, 1966; Hill and Troxel, 1966; Wright and
Troxel, 1967, 1970; Machette et al., 2001], however several of these studies do not agree on the amount
of displacement on the fault zones. This disagreement is directly related to a controversy about the
structural interpretation of the area and the amount of tectonic displacement. Some studies have
suggested that the NDVFZ has a right-lateral offset of ~ 40 to 100 km [Stewart 1967, 1983; McKee,
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1968; Stewart et al., 1968; Snow and Wernicke, 1989], while the SDVFZ has also been interpreted to
have as little as ~ 8 km of displacement [Wright and Troxel, 1967, 1970; Davis, 1977] or as much as 20
to 80 km [Drewes, 1963; Stewart, 1983; Wernicke et al., 1988; Holm et al., 1992; Applegate, 1995;
Snow and Wernicke, 2000]. The difference in the amount of inferred displacement in the fault zones is
due to the lack of clear piercing points. Most are based on interpreted correlations of faults and features
such as the distribution of Precambrian rocks, stream channels, and sedimentary facies boundaries, all of
which carry ambiguities that lead to alternative interpretations.
The slip rates obtained by our model for the NDVFZ (segments 3a and 3b) and the SDVFZ
(segment 1), allow us to calculate an approximate amount of displacement of each of the fault zones.
The NDVFZ amount of displacement is estimated by taking its time of formation, ~ 15 Ma [Wernicke et
al., 1988], and by making a simple assumption that the fault zone has had a constant slip rate since then.
Using this, we estimate that the southern NDVFZ fault (segment 3a and slip rate of 3.8 ± 0.9 mm/yr) has
an offset of 57 km and the northern NDVFZ fault (segment 3b and slip rate of 6.7 ± 0.6 mm/yr) has an
offset of 100.5 km. This distance calculated for the southern NDVFZ segment is within the amount of
displacement (40 – 100 km) obtained in the previously mentioned studies, while the offset for the
northern section of the fault is slightly higher. For the SDVFZ, Stewart [1983] suggests that this region
was formed after the NDVFZ but before the pull-apart basin ~ 6 Ma because the SDVFZ is involved in
the pull-apart basin formation. If we assume that the SDVFZ was created approximately 10 – 14 Ma and
that it has been slipping at a constant rate of 5.7 ± 0.7 mm/yr, then we estimate an offset of
approximately 57 – 80 km. This calculation places our results within the range of displacement (20 – 80
km) suggested by previous analyses.
Using the horizontal motion of the fault segments obtained by our model, we are able to
reconstruct a possible evolution scenario of the DVFZ over the last 6 Myr (Figure 2.9). The evolution
model is reconstructed to 6 Ma because the past 6 Myr of history in the area is better constrained by
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other geological studies and there is an overall agreement in the proposed models for the evolution of
the region [e.g. Burchfield and Stewart, 1966; Serpa and Pavlis, 1996; Knott el al., 2005]. In this
evolution model, we assume that the east side of the DVFZ remains stationary, while the west side is
stepped back in time to the calculated positions using the horizontal velocity field results. We selected
four locations (green and red dots in Figure 2.9) within the Panamint and Owlshead Mountains, on the
west side of the fault zone, that are then relocated to their previous location based on the strike-slip rates
provided in Table 2.2 and an extension rate of 1 mm/yr. These reference points were selected as
representative structures west of the fault zone that can be mapped back to a closed basin with
appropriate fault block motion. The extension rate for the reconstruction was obtained from our model
results and correlated with rates calculated by Ganev et al. [2010] for the northern DVFZ (~0.7 ± 0.3
mm/yr) and other geodetic studies that measured ~ 1 mm/yr of extension [Bennett et al., 2003;
Wesnousky, 2005]. It is also constrained by dividing the approximate 100 m offset [Wright and Troxel,
1984] of a cinder cone (red dot in Figure 2.8) located in the northern part of the SDVFZ, by its age. The
age of this cinder cone is poorly resolved due to extensive contamination by extraneous
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Ar, but the

best estimate of the ages is between 100 Ka to 300 Ka [T. Pavlis, Personal Comm.]. This calculation
yields extension rates of 0.3 – 1.0 mm/yr, from which we adopt the greater value.
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Figure 2.9. Simplified map of the DVFZ that shows the location of the principal fault zones and describes its evolution over
the last 6 Myr. Modified from Wright et al. [1991]. The figure labeling is as follows: Black Mountains (B), Funeral
Mountains (F), Kingston Range (K), Nopah Range (N), Panamint and Owlshead Mountains (P) and Resting Spring Range
(R). Here we include the Furnace Creek Fault Zone (FCFZ) for reference although it is not included in this study. Green dots
represent the site of the locations taken to reconstruct the motion of the Death Valley fault blocks; red dot shows the location
of the cinder cone used to constrain the extension rate of the evolution model.

Using this model reconstruction, we interpret the evolution of the DVFZ in its last 6 Myr (Figure
2.9b), where the Panamint Mountains block and the Black Mountains block close the pull-apart basin.
The closing of the pull-apart basin at this time based on our model-derived rates is an important result
because it agrees with the age of the pull-apart basin [Cemen et al., 1982; Snow and Lux, 1999]. This
age is also correlated by sedimentary records, which support basin sediments no older than this age
[Wright et al., 1999; Knott et al., 2005]. Our 6 Ma model is also in agreement with geologic
observations of the region that indicate that the area was dominated by transtensional systems during
this entire time interval [Burchfield and Stewart, 1966; Wright et al., 1991; Serpa and Pavlis, 1996] and
with the formation of the Black Mountains turtlebacks (detachment fault surfaces) which provide the
best record of the pre-Pliocene extension in the region [Mancktelow and Pavlis, 1994]. In addition, our
reconstruction model implies movement of the Panamint Mountains block over the Black Mountains
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fault block. Previous reconstruction models of the DVFZ have the Panamint Mountains fault block
overriding the Black Mountains but placing it further to the east around the Resting Spring and Nopah
Ranges [Wernicke et al., 1988; Snow and Wernicke, 2000]. This disagreement may be caused by the fact
that we do not take into account the internal deformation and rotation of the Death Valley fault blocks.
Our evolution model also includes the vertical development of the pull-apart basin in Central
Death Valley (Figure 2.10) that was developed by transtentional systems in the area [Burchfield and
Stewart, 1966; Serpa and Pavlis, 1996] approximately 6 Ma. From its formation up to present day, the
transtensional forces have produced a graben ~ 3 km deep and sediments that have covered most of it
[Keener et al., 1993; Blakely et al., 1999]. The pull-apart basin model is generally accepted for the past
6 Myr history of the valley because during that time frame there does not appear to have been a
significant change in the regional stress field [Stewart, 1967, 1986; Wright and Troxel, 1967; Serpa and
Pavlis, 1996; Snow and Wernicke, 2000]. Our vertical evolution model suggests two important
components (coseismic/postseismic and secular) of vertical displacement along the pull-apart basin for
each earthquake cycle. During the coseismic and postseismic episode (describing the ~ first 200 years of
the earthquake cycle), vertical rates along the fault vary from +0.25 mm/yr to -0.5 mm/yr, yielding a net
vertical displacement of about 5 mm of uplift. During the remaining 1000 years of the cycle (assuming
a 1200 year cycle), the velocity levels out to a constant -0.5 mm/yr, yielding a net vertical displacement
of 500 mm. Thus for each earthquake cycle, ~ 495 mm of subsidence is expected, with 1% of this
deformation derived from transient motion during the first 200 years of the coseismic and postseismic
stages. If we assume a basin age of 6 Myr, with an earthquake recurrence interval of ~1200 years, then
~2.5 km of subsidence would have resulted from 5,000 earthquake cycles spanning this time period.
Alternatively, if we assume a constant subsidence rate of the pull-apart basin over the last 6 Ma,
approximated by the secular rate (0.5 mm/yr), we obtain a basin depth of 3 km. Thus transient
postseismic motion may reduce the total subsidence of the pull-apart basin by as much as 0.5 km (Figure
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2.10). We note that our model rates likely contain a small source of error due to the omission of low
angle normal faulting [Wernickie, 1985; Keener et al., 1993; Mancktelow and Pavlis, 1994], which
would increase the rate of subsidence in the basin.

Figure 2.10. Cross-section schematic of the BMFZ showing the evolution of the pull-apart basin in Central Death Valley
from present (a) to its formation approximately 6 Ma (c). Solid line represents cumulative subsidence based on a secular
(constant) rate of 0.5 mm/yr and the dashed line represents cumulative subsidence that accounts for velocity changes
throughout the earthquake cycle due to the transient postseismic motions. Note that the horizontal axis is not to scale.

2.7

Conclusions
In this study, we use a 3-D semi-analytic viscoelastic deformation model and new geodetic data

of the Basin and Range to analyze the present-day crustal deformation of the Death Valley Fault Zone.
Our results yield apparent locking depths between 9.8 – 17.1 km, horizontal strike-slip rates of 3.8 – 6.7
mm/yr, and vertical deformation rates (subsidence) of 0.5 – 0.8 mm/yr for the DVFZ. These model rates
are in good agreement with geologic measurements of fault motion that imply offsets between 40 – 100
km in the northern segments, and 20 – 80 km in the south, and a 7 – 15 km basin width for the Death
Valley pull-apart basin. Coulomb stress and strain accumulation rates range from 0.25 – 0.49 MPa/100yr
and 82.2 – 161.7 nstrain/yr, respectively, with the highest values along the southern and the northern
sections of the DVFZ. We also calculate seismic moment accumulation rates per unit fault length of 1.4
– 2.6 x 1014 Nm/100yr/km and moment magnitude of events that span 6.7 – 7.7. While seismic hazard
models estimate a fairly low probability of earthquake occurrence along the DVFZ in the near term (5 –
7% for a earthquake of magnitude 6.5+ over the next 30 years), we find that the DVFZ accumulates
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stress and strain at rates proportional to fault segments of the San Jacinto fault and of the ECSZ.
Moreover, although seismic events along the DVFZ have not dominated the historic earthquake record,
these results suggest that when a large earthquake does occur along the DVFZ, it has the potential to
release large amounts of energy, comparable to some of the greatest earthquakes in California and
Nevada over the last 100 years.
We correlate resulting slip rates with a geologic model over the last 6 Myr describing 1) the
function, and evolution of the DVFZ and 2) the development of the Central Death Valley pull-apart
basin since its formation. Our modeled slip rates for the DVFZ are consistent with geological estimates
and provide a basis for constructing an evolution model spanning the last 6 Myr for Death Valley and
the pull-apart basin. This evolution model closes the pull-apart basin in 6 Myr by bringing together the
Panamint Mountain fault block and the Black Mountains fault block. This model also concurs with the
formation age of the Black Mountains turtlebacks [Mancktelow and Pavlis, 1994].
While our model is capable of reproducing the deformation of the DVFZ in most areas,
differences between the results obtained here and other analyses may be attributed to both
parameterization of the fault model and lack of geodetic data in some regions of the DVFZ, especially
along the southern segments. Alternative reconstruction models for the evolution of the DVFZ place the
Panamint Mountains fault block overriding the Black Mountains fault block, but these models place its
original position further east of the Black Mountains. This discrepancy may be due to fact that we are
not including internal deformation and rotation of the Death Valley fault blocks. From this we suggest
that further analysis of the fault zone using other modeling techniques may be required. We are
developing a complimentary deformation model of the DVFZ using a finite difference approach, which
will enable us to further investigate the rheology and stress behavior of the area along with a dipping
fault geometry for strike-slip faults. Moreover, this first order investigation of fault slip rates and
apparent locking depths of the DVFZ has provided us with solid geophysical constraints of the present51

day motion of the DVFZ enabling the construction of an evolution model that recreates the motion of
the fault blocks involved in the deformation and formation of structures in Death Valley.
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Chapter 3: Role of thermal perturbations due to intrusions on 3-D strain
partitioning along the Death Valley Fault Zone, Death Valley, CA
Abstract. Shallow (~10 km deep), high temperature (> 800 °C) intrusions have been suggested to play
an important role in the development of surface deformation patterns associated with the Death Valley
Fault Zone (DVFZ). The DVFZ, located in southeastern California, consists primarily of two dextral
strike-slip faults whose motion produces a pull-apart basin that has been extending since its formation
approximately 6 Ma. This study develops three-dimensional thermo-mechanical numerical models to
analyze the strain evolution of the DVFZ that may be driven by thermal perturbations resulting from a
plausible intrusion beneath the pull-apart basin. The model is created using the Fast Lagrangian Analysis
of Continua in 3 Dimensions (FLAC3D). A pressure-dependent, non-associative, Mohr-Coulomb
plasticity and a temperature-dependent viscous model are used to define the behavior of the upper and
lower crust, respectively. A basal drag velocity is applied in the fault-parallel direction, with a gradient
along the same axis, which produces a surface velocity field approximating present-day geodetic
velocities spanning the region. Strain evolution was simulated for three different hypothetical locations
for a syn-tectonic intrusive sheet (east, center and west) within the area of extension. Sensitivity tests
indicate that the spatial distribution and magnitude of strain is highly susceptible to intrusion location
but largely insensitive to the rest of the tested parameters (friction angle, conductivity, viscosity and
intrusion temperature). These results show that the largest strain rate variations (~50 nStrain/yr) are
produced when the intrusion has a temperature ≥ 600 °C and that an intrusion located in the center of the
extension area is the one that best represents the formation of the pull-apart basin.

3.1. Introduction
The well-exposed magmatic and extensional features in the Death Valley area have made this
region the optimal place to investigate the temperature dependence of ductile deformation processes
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associated with extension [King and Ellis, 1990; Wright et al., 1991; Pavlis, 1996]. These magmatic and
tectonic events, attributed to a combination of strike-slip faulting and presence of a pluton within the
extensional domain [Serpa et al., 1988; Wright et al., 1991; Pavlis, 1996], have played an important role
in the formation of the different structures in the region. The pull-apart basin in central Death Valley is
one of the most characteristic geological structures of the area and provides an excellent place to
investigate the relationship between temperature variations caused by an intrusion and extensional
deformation due to strike-slip fault motion. Although this is the perfect region to study this relationship,
little investigation has been done using a comprehensive geodetic or detailed 3-D modeling analysis that
incorporates both processes. The application of this kind of analysis can ultimately provide a better
understanding of the main geophysical and geothermal processes that produced the features found in
Death Valley.
The nonlinear coupling between temperature and crustal rheology has been shown to provide an
important control on the partitioning of strain within the crust [e.g. Beaumont et al., 2004; Koons et al.,
2010]. Application of numerical and analytical models to study both temperature and rheology has been
an effective tool for increasing our understanding of the processes involved in fault motion, the control
factors of partitioning of lithospheric deformation, and the dynamic coupling between heat flow and
mechanics [e.g. Spadini et al., 1995; Groome et al., 2006; Petrunin and Sobolev, 2008; Platter et al.,
2009; West et al., 2009]. In particular, finite element and finite difference models used to analyze
deformation patterns within the crust have provided important information regarding fault geometry and
dynamics [Bird, 1989; Golke et al., 1994], as well as descriptions of the thermal and mechanical
behavior of fault systems with progressive slip and deformation [e.g. Leloup et al., 1999; Sobolev et al.,
2005; Popov and Sobolev, 2008; Elesin et al., 2010]. Although these models have been able to provide
improved descriptions of fault kinematics, they often neglect to include critical processes such as
thermal perturbations associated with igneous activity.
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Intrusion of hot magma into cooler crust is one of the fundamental processes that can affect the
deformation history of the crust. The emplacement and subsequent cooling of plutons provokes
temporally decaying variations on the system conditions (e.g. temperature, rock composition, and
material behavior) [Patterson and Fowler, 1993] surrounding the intrusion due to the coupling of
thermal and mechanical processes acting during and after the emplacement. One of these processes is
the structural “room” problem [Patterson and Fowler, 1993] where near- and far-field stresses dictate
the thermo-mechanical scenario that makes space to accommodate the addition of new material in the
system. The room problem can be summed up as a dynamic weakening of the crust due to conductive
heating that allows for magma emplacement as the rocks within the area (country rocks) are displaced to
compensate for the intrusion. To better understand the mechanical effects of intrusions, it is necessary to
construct thermo-mechanical models that examine the response of the intruded system in three
dimensions as it deforms.
In this chapter, we explore the influence of sheet-like crustal plutons on the mechanical and
thermal evolution in the Death Valley Fault Zone (DVFZ) (Figure 3.1) area using a three-dimensional
(3-D) thermo-mechanical numerical model. In particular, we focus on improving our understanding of
the formation and evolution of the central Death Valley pull-apart basin over the last 6 M.y. This
extensional system has been suggested to develop under (1) the effects of shallow (~10 km) high
temperature intrusions [Asmerom et al., 1990; Holm and Wernicke, 1990; Pavlis, 1996] and (2) the
motion of the two primarily dextral strike-slip faults in the system [Burchfield and Stewart, 1966].
Tracking the temperature, stress and strain partitioning, and kinematic patterns through time allows us to
test the influence of intrusions and tectonic development of the DVFZ. We utilize a 3-D thermomechanical model created using a commercial finite difference code, constrained by geological and
geophysical observations, to simulate the deformation of the crust based upon mechanical and thermal
laws. The main goal of this study is to investigate strain evolution of the DVFZ driven by thermal
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perturbations resulting from a plausible intrusion beneath the Death Valley pull-apart basin and to
evaluate the influence of the intrusion on the formation of such a basin.
3.2. Background and Geologic Settings
The DVFZ is located north of the Garlock fault and east the San Andreas Fault System, primarily
located in the northern region of the East California Shear Zone (ECSZ). The ECSZ is a tectonically
active region that accommodates 20 – 25% of the Pacific-North America plate boundary motion [Dokka
and Travis, 1990; Miller et al., 2000; Hill and Blewitt, 2006]. Three major faults make up the presentday DVFZ: the Northern Death Valley Fault Zone (NDVFZ), the Southern Death Valley Fault Zone
(SDVFZ), and the Black Mountains Fault Zone (BMFZ) (Figure 3.1). The NDVFZ and SDVFZ belong
to the northwest trending, right-lateral strike-slip system of faults of the southeastern Great Basin [Butler
et al., 1988; Dokka and Travis, 1990]. The dominant motion of the NDVFZ and SDVFZ gave rise to the
oblique-normal BMFZ and the pull-apart basin [Burchfield and Stewart, 1966; Hill and Troxel, 1966], a
rhomb-shaped graben structure located in central Death Valley. This type of structure is formed due to
the en echelon arrangement and overlap of the extensional quadrants of the nearest strike-slip faults
[Aydin and Nur, 1982] (Figure 3.2); in the case of Death Valley these faults are the NDVFZ and the
SDVFZ.
A Miocene intrusion in the Black Mountains east of Death Valley has been interpreted to play an
important role in the structural evolution of the area [Asmerom et al., 1990; Holm and Wernicke, 1990;
Pavlis, 1996; Serpa and Pavlis, 1996]. Results from the Consortium for Continental Reflection Profiling
(COCORP) seismic survey [de Voogd et al., 1986; Serpa et al., 1988] indicated that magma is now
present in the subsurface beneath central Death Valley, and that the fault zones produce a plumbing
system for magmas to reach the upper crust (Figures 3.1 and 3.3). This flow of molten material may be
related to the development of a cinder cone located at the northern end of the SDVFZ [Crowe et al.,
1983a] (Figure 3.1). Geochemical analysis of basalts from this cinder cone suggest that they were
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derived from a magma located at shallow depths (~ 15 km) [Crowe et al., 1983b] which was later linked
to a postulated intrusion in central Death Valley by Serpa et al. [1988]. Wright et al. [1991] and Serpa
and Pavlis [1996] used these geophysical observations to suggest that the current system served as an
analog to the Miocene to explain the pluton now exposed in the Black Mountains to the east of Death
Valley.

Figure 3.1. Simplified geologic map of Death Valley showing selected stratigraphic units, locations of the principal fault
zones, and mountains, modified from Serpa and Pavlis [1996]. The figure labeling is as follows: Avawatz Mountains (A),
Black Mountains (B), Black Mountains Fault Zone (BMFZ), China Ranch/Sperry Hills Basin (C), Funeral Mountains (F),
Granite Mountains (G), Kingston Rang (K), Nopah Range (N), Northern Death Valley Fault Zone (NDVFZ), Panamint and
Owlshead Mountains (P), Resting Spring Range (R), and Southern Death Valley Fault Zone (SDVFZ). The stars indicate the
location of the turtlebacks: Badwater (BW), Copper Canyon (CC) and Mormon Point (MP). We include the Furnace Creek
Fault Zone (FCFZ) and Garlock Fault (GF) for reference although they are not included in this analysis. The black dot at the
northern end of the SDVFZ marks the location of the cinder cone. Dashed lines indicate the possible fault trace. Dotted line
indicates the location of the COCORP seismic profile. Insert: Map of California and Nevada illustrating the location of the
San Andreas Fault System (SAFS). The gray shaded rectangle marks our study area.
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Figure 3.2. (a) Illustration showing a right-lateral strike-slip fault with the location of the extensional (minus signs) and
compressional (plus signs) quadrants around the fault. (b) Overlap of the extensional quadrants in an echelon arranged fault,
with a right step-over producing a rhomb-shaped graben (pull-apart) structure. Gray arrows indicate the extension direction.
Modified from Aydin and Nur [1982].

Several topographic surfaces called turtlebacks (Figure 3.1) are among one of the most
characteristic features of the Death Valley area. This term is applied to the convex-upward shaped
mountains located along the west side of the Black Mountains that resemble a turtle shell [Curry, 1938].
The Black Mountains turtlebacks exhibit features of metamorphism and ductile deformation associated
with plutonic materials found in much of the region and are primarily the product of extensional
tectonics [Otton, 1976; Holm and Wernicke, 1990; Wright et al., 1991]. The turtlebacks are composite
structures that include brittle normal faults [Wright et al., 1974] that act as a detachment zone that
allows the rocks in either side of the fault to deform separately [Miller and Wright, 2004]. Mylonites
found in the turtlebacks register the exposure and uplift of the igneous and metamorphic complex from
the mid-crust due to extension (low angle fault slip) [Holm and Wernicke, 1990; Miller, 1999; Miller
and Pavlis, 2005]. Manktelow and Pavlis [1994], Serpa and Pavlis [1996] and Pavlis [1996] showed
that the turtlebacks are more complex than a simple detachment, however, with 3-D structure inherited
from their geologic history that included their role as the floor of a syn-extensional pluton. These
studies, as well as subsequent work by Miller [1999] and Miller and Pavlis [2005] suggest Mesozoic
contractional structures were overprinted by an early Miocene extensional shear zone that was intruded
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by a 2 – 3 km thick intrusive sheet that is now recognized as a hornblende gabbro to granite plutonic
complex that lies structurally above the turtlebacks. Geobarometric studies from hornblende samples
taken from the area [Holm and Wernicke, 1990; Holm et al., 1992, 1994] place the pluton at ~ 10 – 12
km in depth. Structural studies of the turtlebacks suggest that after emplacement of the plutonic sheet
deformation continued along the mid-crustal shear zone at the base of the pluton, but 3-D affects of
distributed transtension also led to folding of the ductile shear zone to produce the structural relief of
turtleback systems (e.g. see summary by Miller and Pavlis, 2005). When it formed, the Black Mountains
plutonic complex may have been similar in depth to the magma body interpreted from seismic data in
central Death Valley of ~15 km [de Voogd et al., 1986; Serpa et al., 1988] and thus, both the current and
ancient systems bear on structural processes within this transtensional system.

Figure 3.3. COCORP seismic profile showing the geologic interpretation of the seismic data obtained along the central Death
Valley area as indicated in Figure 3.1. Yellow lines show the base of the basin, red lines indicate faults and blue lines mark
the trend of the basin-fill reflectors. The black outline structure indicates the inferred intrusion location. Modified from Serpa
et al. [1988].
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3.3. Numerical Methods
Because pull-apart basins have complicated internal structures caused by heterogeneities in the
crust and variations in the stress distribution [Petrunin and Sobolev, 2008], 3-D models are needed to
investigate their formation and structure. For this study, we use 3-D thermo-mechanical models to
analyze the evolution of strain partitioning driven by thermal perturbations resulting from an intrusion
within a pull-apart basin area. Scaling of size and rates is based on the modern Death Valley system, but
the results should be applicable for comparable scale pull-apart systems. The models are constructed
using a commercial explicit finite-difference code, FLAC3D (Fast Lagrangian Analysis of Continua in 3
Dimensions). These models permit us to test the evolution of strain within the fault zone as influenced
by geometry, boundary and surface conditions, and mechanical and thermal parameters (i.e., fault
velocity, temperature decay and strain accumulation). FLAC3D simultaneously provides approximations
of stress-strain relationships, kinematic equations, and transient heat flux of Earth materials. The model
geometry is represented by polyhedral elements constituting a 3-D grid, where each of the elements
reacts to a prescribed linear and/or non-linear stress-strain relationship, applied force, and boundary
conditions [ITASCA, 2006]. FLAC3D solves the stress-strain, kinematic, and heat flow equations by
stepping the model through “time” (computational time) to obtain a steady state or dynamic solution,
which allows for an investigation of the temporal evolution of the system.
Our 3-D model (Figure 3.4) has dimensions of 500 km (y-axis, north-south), 350 km (x-axis;
east-west) and 35 km (z-axis, depth), with a discretization of 10 km in the x- and y-directions and 5 km
in the z-direction. The model is initially homogeneous and isotropic, meaning that no faults or shear
zones are pre-defined and that they are allowed to form dynamically as the model evolves. The
deformation produced in the model is due to a basal drag velocity constrained by GPS velocities [Del
Pardo et al., 2012 (in press)]. The upper crust (< 350ºC) is defined by a pressure-dependent, nonassociative Mohr-Coulomb plasticity while the lower crust (> 350ºC) is defined by a temperature66

dependent viscosity. The assignment of either plastic or viscous mechanical models is based upon the
model thermal structure, which is linked to the onset of crystal plasticity in quartz (~ 350ºC) [Sibson,
1982; Scholz, 1988]. As the model is stepped through time, the mechanical structure is dynamically
updated. The parameters adopted for each mechanical model are provided in Table 3.1. Additional
information related to applied velocities, mechanical constitutive models, and mechanical and thermal
properties is provided in the following sections.

Table 3.1. Mechanical and thermal parameters used for the model

Property

Value
Unit
Elastic Parameters
Density
ρ
2700
kg/m3
Shear modulus
G
30
GPa
Bulk modulus
K
100
GPa
Mohr-Coulomb Plasticity Model
Friction angle
f
30
Degrees
Cohesion
S
0.044
GPa
Temperature-Dependent Viscosity Model
Reference viscosity
η0
2.3 x 1025 Pa s
Activation energy
θ
0.012
1/K
Thermal Model
Conductivity
κ
2.5
W/m K
Specific heat
Cv
1 x 103
J/kg K

The basal drag velocity is fixed on all sides of the model except the surface and these boundary
conditions are placed far (~ 175 km) from the area of interest to reduce their effects on the model
development. A fixed temperature condition of 0°C and 750°C is applied on the top and bottom of the
crust, respectively, and a geothermal gradient of 21°C/km [Dumitrum, 1988; Holm and Dokka, 1991] is
applied in the z-direction. The interior of the model is free to evolve both kinematically and thermally.
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Figure 3.4. Diagram of the block model used to analyze the DVFZ, showing the dimensions, fault trace (white line),
temperature, boundary conditions, intrusion area (gray box) and direction of motion. Dashed white lines mark each profile’s
location for Figure 3.5 and gray dashed line represents the model cross-section to illustrate were the model is cut to analyze
the temperature distortion and strain rate distribution shown in Figures 3.6 and 3.8, respectively. Insert: Model intrusion size
and the west (A), center (B) and east (C) locations analyzed in this study

3.3.1 Constitutive Models and Boundary Conditions
To obtain a set of parameters that best reproduce the structure and temporal partitioning of strain
related to the presence of an intrusion, we first conducted a sensitivity test of model parameters (friction
angle, viscosity, conductivity, and intrusion temperature and position) (Table 3.1). For this test, we first
constructed a reference model from parameter values acquired from the literature (see sections from
3.3.1.1 to 3.3.1.3). We then systematically modified each parameter value and inspected the 3-D
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deformation results to test their agreement with geological and/or geodetic data. The reference model
has initial values for friction angle ϕ = 30°, reference dynamic viscosity η0 = 2.3 x 1025 Pas, thermal
conductivity k = 2.5 W/m K and intrusion initial temperature T = 1000 °C. We assume fixed values for
shear modulus (G = 30 GPa), bulk modulus (K = 100 GPa), density (ρ = 2700 kg/m3), gravitational
acceleration (g = 9.81 m/s2), specific heat capacity (Cv = 1 x 103 J/kg K) and cohesion (S = 0.044 GPa).
In the following sections, we provide a detailed description about the model attributes divided into three
distinct parts: mechanical model, thermal model and intrusion characteristics. We also define the input
parameters values tested to obtain the best-fit velocity model of the DVFZ.
3.3.1.1 Mechanical Model
The pressure-dependent, non-associative Mohr-Coulomb plasticity failure criterion represents
the mechanical constitutive model of the upper crust (< 350 °C). It is defined by:

,

(3.1)

where σ 1 is the maximum compressive stress, σ 3 is the minimum compressive stress, S is the cohesion,
and N is a dimensionless proportionality constant that is a function of the internal angle of friction (φ)
given by:

.

(3.2)

The friction angle (φ) is a critical parameter in the model because it can greatly affect the strength of the
upper crust material. Weak materials have low friction angles (~ < 20°), while strong materials have
higher angle values (~ > 40°). For this sensitivity test, we analyze the differential stress produced by
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three different friction angles consistent with a weak, moderate and strong upper crust (15°, 30° and 45°,
respectively). Neither friction angles of 15° or 45° were able to generate a fault zone due to shear
fracture or differential stress for failure. Alternatively, a 30° friction angle developed enough stress in
the model to produce a shear fracture that correctly reproduced the trace of the DVFZ.
The temperature-dependent viscosity model assigned to the model is based on the FrankKamenetskii theory [Zukas and Walters, 1998], which accounts for the temperature gradient between a
reacting mass and its surroundings and assumes that conductive heat transfer is the only means to
dissipate heat. This type of model is therefore capable of dealing with bulk heating, as well as heat from
hot spots. According to this model, viscosity is calculated using the equation:

,

(3.3)

where η0 is the reference dynamic viscosity (Pas), θ is a material property derived from experimental
data of granite (1/°C), and T is the temperature (°C). For this sensitivity analysis (assuming the presence
of an intrusion), η0 was assigned an initial value of 2.3 x 1025 Pas, which yields viscosity values
corresponding to published values for lower crust viscosity [Thatcher and Pollitz, 2008], and was
modified by an order of magnitude to inspect spatial variations in strain. For a reference dynamic
viscosity of 2.3 x 1026 Pas, a wide (~100–150 km) zone of high strain running diagonally (NE-direction)
across the entire model was produced, which is not in agreement with the arrangement of the current
orientation of the DVFZ. The band of high strain in this scenario marks the extension direction of the
right-lateral strike-slip fault in the model, but without producing any fault trace in accordance to the
DVFZ geometry. This implies that the viscosity obtained from a higher η0 produces a very strong lower
crust in which no fault zones can be formed. Alternatively, computational errors were encountered when
assigning a dynamic viscosity of 2.3 x 1024 Pas, as the lower crust rheology was too weak to support the
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given crustal load. Moreover, the reference viscosity, 2.3 x 1025 Pas, generated a high strain zone of
approximately 60 km wide running in a NS-direction tracing the actual location of the fault zone and the
pull-apart basin area. From these model results, we adopt our initial reference dynamic viscosity for
subsequent models.
3.3.1.2 Thermal Model
The temperature conditions of our FLAC3D model are assigned based on a conductive-advective
solution that is fully coupled to the mechanical model. The thermal structure is solved through the
Laplacian equation:

k 2
∂T

=
∇ T + u∇T
∂t ρCv
,

(3.4)

€

where k is thermal conductivity (W/m K), ρ is density (kg/m3), Cv is specific heat capacity – the amount
of heat required to rise the temperature of a substance by one degree Celsius or Kelvin per unit mass –


(J/kg K), and u is the velocity field from the mechanical solution (m/s). Input values for these variables
are given in Table 3.1. Modifications to k allow us to assess its impact on the resultant temperature field

€ keeping the rest of the parameters constant.
while
The model’s strain response to thermal conductivity k was tested over a range of values (1.5, 2.5,
and 3.5 W/mK), experimentally derived from plutonic, volcanic and sedimentary rocks [Clausen and
Huenges, 1995]. The variation of this parameter controls how fast (higher k) or how slow (lower k)
temperature decays. Thermal conductivity is inversely proportional to temperature and its expected
variations, in plutonic rocks for example, depend on the feldspar content of the material [Birch and
Clark, 1940; Clausen and Huenges, 1995]. Rocks containing high quantities of feldspar show a decrease
of ~ 10% in thermal conductivity for temperatures ≥ 300 °C and about 20% decrease for temperatures
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up to 800 °C [Clausen and Huenges, 1995]. In our model, it appears that modification of k has very little
impact on the strain rate results (~ 3 nstrain/yr difference, or ~ 2%) other than small variations over
time. This behavior is consistent with the thermal conductivity measured in plutonic rocks because most
crustal rocks are rich in feldspar. Based on these results we adopt a conductivity of 1.5 W/mK because it
is a shared value between plutonic, volcanic and sedimentary rocks and agrees with studies performed at
high temperatures on plutonic rocks [Clausen and Huenges, 1995; Vosteen and Schellschmidt, 2003].
All other parameters (Cv and ρ) were assigned published values (1 x 103 J/kg K and 2700 kg/m3,
respectively) based on previous observations [Clausen and Huenges, 1995; Waples and Waples, 2004a;
Waples and Waples, 2004b; Hirono and Hamada, 2010].
3.3.1.3 Intrusion Characteristics
Based on both geological and geophysical evidence indicating the presence of an intrusion in
Death Valley [de Voogd et al., 1986; Serpa et al., 1988; Wright et al., 1991], we next investigate the
sensitivity of the strain field to variations in intrusion location. Based on previous work [i.e., Holm,
1995; Pavlis, 1996], we simulate an intrusion by placing a sheet-like high-temperature body under the
pull-apart basin area, represented by a rectangular box 50 km long, 20 km wide, and 4 km thick,
centered at a depth of 12 km (Figure 3.4). We test the distribution and magnitude of the strain field by
analyzing the results of a pluton at three initial temperatures to simulate different magma compositions:
1200°C (mafic), 1000°C (intermediate), and 600°C (felsic). Because of ambiguities regarding the
intrusion position during Miocene plutonism [Wright et al., 1991; Miller and Pavlis, 2005], we also
tested the sensitivity of the model’s strain field to intrusion location by placing the high temperature
body at three different locations within the pull apart system: east, center, and west of the pull-apart.
We reserve a more complete discussion of these results of intrusion characteristics in Sections 3.4.3,
however we note two important points, (1) the initial temperature of the hot body significantly impacts
the magnitude and distribution of the stress field, consistent with qualitative and one-dimensional
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analyses of the problem [e.g. Pavlis, 1996]. There is a high concentration of strain around the intrusion
when the temperature is > ~ 500 °C. As the intrusion cools down with time, the system stabilizes and the
intrusion has no significant effect on the thermal structure of the model (i.e. temperature gradient) and
therefore no influence on the strain magnitude and distribution. From these results, we adopt an
intermediate initial temperature of 1000°C for subsequent DVFZ models. (2) Changing the location of
the intrusion produces a major change in the modeled stress field distribution.
3.3.2 Model Computational Processes
3.3.2.1 Time scaling
FLAC3D performs available time-dependent calculations to obtain dynamic and steady state
solutions of model deformation. FLAC3D’s computational time (i.e. step time) can be translated into
“real time” (i.e. actual elapsed time) to study the temporal evolution of the system. In order to study the
evolution of the DVFZ since the formation of the pull-apart basin over the last ~6 M.y., each calculation
step is scaled to represent 100 years with the total time span of the model corresponding to 6 M.y. The
model can be analyzed at any stage within this time span to investigate the rheology and properties of
the material involved in the evolution of the fault system. The 100-year time step does not have any
influence on the resulting model deformation pattern.
3.3.2.2 Re-meshing
FLAC3D utilizes a Lagrangian frame of reference that tracks the grid deformation with increasing
strain. The calculations fail when the grid deforms to the point where the local mesh spacing is too large
or small for numerical approximation, limiting the total finite strain (in this model, it limits run time to <
2 M.y.). To overcome this problem, we have introduced a re-meshing code that extracts and remaps
stresses, velocities, displacements, and thermal information onto a new grid. This, in essence, forces
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FLAC3D into an Eulerian reference frame, where material fluxes through a fixed mesh. The re-meshing
is accomplished by recalculating parameter values for the new mesh grid points using a modified
Shepard inverse distance weighting method based on using nearest neighbor grid points. Comparison of
the results from model trial runs with and without re-meshing indicates that it produces < 5% misfit
mostly along the model margins.
3.4. Results
3.4.1 Model Velocity Field
The use of a basal drag velocity is a technique employed by models to study velocity, structure,
and deformation of the lithosphere [e. g. Bourne et al., 1998; Sleep, 2003; Garfunkel, 2007]. Various
studies have concluded that the motion of crustal blocks is a reflection of the underlying asthenosphere
flow [Turcotte and Spence, 1974; McKenzie and Jackson, 1983; Housemen and England, 1986].
Moreover, for the case of a long, narrow linear fault zone like the DVFZ, a basal drag model depicts
crustal deformation with more accuracy than the side-driven models [Ellis et al., 1995]. With this
driving velocity we aim to best represent the present-day velocity field as expressed by GPS data. This
was obtained by running the model forward, from 6 Ma to present-day, with a velocity consistent with
GPS measurements.
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Figure 3.5. Modeled velocity profiles (gray line) acquired across the center of each fault corridor with GPS velocities (black
circles) projected onto each profile for visual comparison. The dashed white lines in Figure 3.4 mark the location of each
profile. In the left column (a) fault-parallel velocities are plotted and on the right column (b) fault-perpendicular velocities are
plotted. Vertical gray line illustrates the location of the fault segment in profile view.

In our model, a basal drag velocity of 5.5 mm/yr applied to the base of the model producing a
right-lateral strike-slip motion consistent with the overall DVFZ velocity field constrained by GPS
measurements from stations in the vicinity of the fault zone [Del Pardo et al., 2012 (in press)]. These
geodetic measurements are obtained from a subset of 240 stations that provide 480 horizontal velocities.
The original set of stations is a compilation of available continuous GPS stations of the area, semicontinuous stations from the University of Nevada Reno Mobile Array of GPS for Nevada Transtension
(MAGNET) network and from the Southern California Earthquake center (SCEC) Crustal Motion Map
version 4 (CMMv4) between 1996 and 2009. To assess the best-fitting basal drag velocity for our
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model, we first sub-divided the DVFZ into four fault segments and iteratively modified the basal drag
velocity to obtain a minimized root mean square (RMS) velocity residual. We tested velocities ranging
from 2.7 – 5.7 mm/yr to identify the velocity that minimized the RMS misfit between the model and the
geodetic velocities. Our results indicate that a velocity of 5.5 mm/yr, with a velocity gradient of 2.8 x 105

mm/yr in the y-direction, provides the best fit to the surface geodetic velocities. The velocity gradient

is utilized in the code to reproduce the extensional motion of the system and it is modified accordingly
during the iterations. We set the velocity gradient be 0.0005% of the model velocity based on iteration
results. The RMS misfit calculated in the fault-parallel (1.1 mm/yr) and fault-perpendicular (0.7 mm/yr)
directions provide a relatively good agreement with the available GPS data. Velocity profiles across the
center of each fault segment were extracted and GPS data were projected onto the fault-perpendicular
trace (Figure 3.5) to illustrate the misfit between the GPS and model velocity. We note that there is some
visible scatter in the GPS velocities, caused mostly by the projection of data onto a single profile.
The northwest trending DVFZ has a right-lateral sense of motion and a pull-apart basin created
by the displacement of the NDVFZ and the SDVFZ [Burchfield and Stewart, 1966; Hill and Troxel,
1966; Wright and Troxel, 1967, 1970; Machette et al., 2001]. There is not a general agreement on the
amount of displacement in the fault zone because most of the correlations used to obtain a displacement
measurement carry ambiguities and lead to different interpretations. The NDVFZ has been interpreted to
have a right-lateral offset of ~40 to 100 km [Stewart 1967; McKee, 1968; Stewart, 1983; Snow and
Wernicke, 1989]. There is more displacement discrepancy in the SDVF as some studies suggest that it
has an offset of 20 to 80 km [Drewes, 1963; Stewart, 1983; Wernicke et al., 1988; Holm et al., 1992;
Applegate, 1995; Snow and Wernicke, 2000], while others have estimated only ~8 km [Wright and
Troxel, 1967, 1970; Davis, 1977]. The basal drag velocity of 5.5 mm/yr that we applied to the model
generates a total horizontal displacement of 30 – 55 km after 6 M.y. of constant fault motion, placing
our results in reasonable agreement with the previous studies. Because this velocity was based on the
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model-predicted velocity field constrained GPS-derived velocities it is not surprising that the basal drag
reasonably represents the ongoing (present-day) mechanical crustal deformation of the region.
3.4.2 Temperature
There is a strongly coupled relationship between the deformation of a solid material and its
temperature. Therefore, in order to investigate the changes in strain partitioning caused by motion of
faults, it is important to also analyze the thermal structure of a crustal model, including the influence of
an intrusion in the system. The thermal results of our model indicate that the presence of an intrusion
causes a 3-D temperature gradient distortion (halo shape) of approximately 10 km around its location
(Figure 3.6). In Figure 3.6a, we show the temperature distribution within a model lacking the presence
of a hot body. In this case, the temperature varies uniformly from cold (top) to hot (bottom) values
following the geothermal gradient of 21 °C/km applied in the system. However, we have temperature
variations of ~300 °C also exist after 0.5 M.y. following intrusion placement (Figure 3.6b). As the
intrusion cools, its influence on the temperature distribution within the model also weakens (Figure 3.6c
– d). Extending the time to 6 M.y. yields a flat temperature gradient profile, similar to the model with
no intrusion (Figure 3.6a). We also note that the “camel back” like distortion illustrated in these models
is supported by results from similar numerical 2D experiments involving time-dependent ductile
deformation [Thatcher and England, 1998]. The temperature gradient distortion from the intrusion
suggests that the presence of a heat source influences to the formation of the pull-apart basin and overall
structure of the area. Rheological properties of materials are modified by the thermal structure of the
system producing a change in the pattern of strain partitioning [Jamieson et al., 2002] and discussed
further in section 3.4.4.
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Figure 3.6. Temperature plot illustrating the thermal distortion of the model both without (a) and with (b – d) an intrusion at
three different time frames. These plots present a slice through our 3-D model (gray dashed line in Figure 3.4) to illustrate the
temperature distribution within the interior of the model. The white solid line traces the DVFZ.

3.4.3 Shear Strain Rate
We also investigate the effects of thermal perturbations on the partitioning of strain in both time
and space along the DVFZ (Figures 3.7 and 3.8). The model without an intrusion generates a band of
high strain values (50 – 60 nStrain/yr) along the trace of the fault zone that is comparable, but slightly
higher that purely kinematic models (Chapter 2). The shear strain rate increases when 1) a heat source is
present at any of the tested pluton locations and 2) the observation time of the intrusion is young, on the
order of 5 M.y. Discrepancies between a no intrusion model and a model with an intrusion are reduced
as the heat source decreases in temperature with time. When the intrusion is young, there is a difference
of ~50 nStrain/yr in the peak strain rate values. At 3 M.y. there is the peak strain rate variation of
approximately 30 – 40 nStrain/yr, while at 6 M.y. the variation is almost unnoticeable.
The strain rate distribution is very sensitive to intrusion position. The central and southern
regions of the fault zone are the most sensitive to intrusion effects, as the intrusion is placed in the
central region and the right-lateral slip motion along with the echelon arrangement of the faults produces
more deformation in the south-central part of the model. When the intrusion is places at the center
location (Figures 3.6c and 3.7c) or east (Figures 3.6d and 3.6d) locations, an unusual strain distribution
is produced, with two distinct concentrations of high strain rate. In these models, most of the northern
section of the DVFZ shows a similar strain pattern as the model with an intrusion in the center.
However, near the pull-apart basin region the strain partitions into two narrow bands of different width
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and value. The band that coincides with the location of the intrusion (Figure 3.7 and Figure 3.8) is wider
(36 – 38 km) and produces strain rates between 50 – 100 nStrain/yr than the other band whose width is
~16 – 19 km and generates strain rates in the 60 – 75 nStrain/yr. The thinner line of high strain rate is
located along the opposite side of the fault forming almost a mirror image of the thicker one. The model
does not generate any strain in the region between the two strips. The two bands reunite towards the
southern end of the fault zone. This “split” behavior is only observed when the intrusion still causes
great distortion to the temperature gradient and disappears when the model is inspected at 6 Myr. At this
time frame, all models (intrusion and no intrusion models) have the same strain value and distribution.
This implies that the intrusion does play an important role in the generation of strain as the system is
being deformed, as well as the location where it is initialized.
The strain distribution for the DVFZ model depicts a strain partitioning typical of a strike-slip
system. In each of the models, present-day strain localization occurs, along the fault trace. The
separation of strain in the center and southern regions during young stages of an intrusion can be
interpreted as a compensation for fault motion and distortion of the thermal structure by the intrusion
and resultant change in mechanics. When the intrusion is placed on either side of the pull-apart basin
region, the temperature distortion is not evenly distributed along both sides of the fault, causing lateral
flow of material from the less ductile (cold) areas to the more ductile (hot) regions. This in turns
generates a different rheological behavior as a result of heat concentration in one side of the fault
system. The thinner strain band, represents this compensation. Although there are variations between the
models containing a heat source, the difference in strain values and distribution in the models with and
without intrusion supports the idea that there is a close relationship between the thermal state and strain
development reflected in the style of deformation [Willett et al., 1985; van Wijk et al., 2001]. This
agreement suggests that the results obtained from these models can be applied to the study of the
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formation of the DVFZ basin because the development of the pull-apart basin requires high
concentration of strain in a particular area.
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Figure 3.7. Map view of strain rate evolution due to plutonic intrusion. The intrusion is modeled at a depth of 5 km placed at
three different locations and viewed at three different time frames. Top row shows the trace of the DVFZ and the location of
the intrusion (red square) for the three scenarios. The strain rate distribution of a model with no thermal intrusion is listed in
column (a). Columns (b), (c), and (d) display the strain rate for models having an intrusion to the west, center and east of the
pull apart basin region, respectively. White line indicates the location of the present DVFZ.
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Figure 3.8. 3-D perspective of the strain rate developed with and without an intrusion placed at three different locations and
viewed at three different time frames. White line marks the present location of the DVFZ. Columns are the same as in Figure
3.7.

3.5 Discussion
3.5.1 Vertical Displacement
The formation of the pull-apart basin in central Death Valley is the result of a vertical motion
signature of deformation within the system. As the horizontal motion produces crustal extension, the
basin opens (see Section 3.2) to compensate for this extension. The releasing-bend arrangement of the
right-lateral strike-slip faults in our 3-D model produces subsidence, in the offset area, of ~1 km
spanning 6 M.y. of deformation. The basin is, however, estimated to be three times deeper. Studies have
calculated a basin fill of Cenozoic sediments and sedimentary rocks of ~3 km [Mabey, 1963; Serpa et
al., 1988; Keener et al., 1993]. One of the possibilities for this discrepancy is that we are not considering
fault block rotation during the extension [Holm et al., 1993; Serpa and Pavlis, 1996]. Previous models
have suggested that the motion of the two strike-slip faults in the system cannot be compared because
each of the faults has a different velocity magnitude [Stewart, 1967; Wright and Troxel, 1967; Serpa and
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Pavlis, 1996] and Death Valley is in a wide region of deformation influenced by other fault systems
[Serpa and Pavlis, 1996]. For simplicity, our model does not account for motion of other fault systems
in the vicinity of the DVFZ area that may have significantly influenced the extension in the pull-apart
basin area (i.e. Garlock fault and Furnace Creek Fault Zone).
3.5.2 Role of intrusions on the formation of the DVFZ
The placement of a heat source within our model causes modifications to the thermal and
mechanical development of the DVFZ system throughout time. Intrusion location and model
temperature play an important role in the observed strain patterns since higher temperatures produced by
the intrusion concentrate higher strain rates due to the dependency of strength vs. temperature. This high
strain localization is only true for an intrusion with a temperature >400 °C because at cooler
temperatures the strain field becomes insensitive to this parameter. The east and west intrusion locations
generate two bands of high strain in the model that we interpret to be the differentiation between the
strain induced by the heat source (high strain band) and by the fault motion (low strain band). The
development of these features, and their evolution, is strongly tied to the high temperature zones and
their relative importance decreases as the intrusion cools below ~ 400 ºC. Once the intrusion reaches a
low temperature (~ 400 ºC), the thermal structure within the model stabilizes because it is no longer
being affected by the presence of the intrusion.
The relationship of heat sources and extension in the area has been suggested by previous
geologic studies [Serpa et al., 1988; Applegate and Hodges, 1995]. We can notice this relationship when
comparing models with and without intrusion where strain rate is increased at the heat source location
(~50 – 60 nStrain/yr) as well as along the fault trace (~15 nStrain/yr) in the early stages (0.5 M.y.) of the
model. This increase in strain rate is significant because it doubles the strain rate magnitude in contrast
to the strain rate developed by a model with no thermal perturbation. When the pluton is present, it
creates a weak zone and the strain field is then modified due to the contrast between the weak and strong
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domains. Weak regions tend to develop an organized network of shear zones that, in a large scale, act as
a continuous fault [Holtzman et al., 2005]. In contrast, strong regions lead to the formation of multiple
faults that are not strongly connected to each other. Strike-slip deformation in the model generates shear
strain along the fault traces that also adds an effect to the overall strain pattern.
The locations of bands of strain for the off-center (east and west) intrusions do not depict the
evolution of the DVFZ structures nor do they agree with the current fault locations in our study region or
neighboring faults. The east intrusion model (Figure 3.7d) places a high strain band in the Black and
Greenwater Mountains, which is not consistent with the timing of the volcanism and metamorphism
found in the area; the very low strain band in the model (located to the west) does not depict any fault
identified in the area. Alternatively, the west intrusion model (Figure 3.7b) places a high strain band on
the current location of the Panamint Mountains and a low strain band at the Black Mountains location.
While this is an interesting observation, it does not support the evolutionary track of the Panamint-Black
Mountains over the last 6 M.y. Previous studies place the Panamint Range over the Black Mountains
prior to the basin formation and once the extension in the region initiated, the Panamint Range migrated
to its present location [Burchfield and Stewart, 1966; Wright et al., 1991; Serpa and Pavlis, 1996].
Therefore, the high strain band in the west intrusion model does not agree with the current DVFZ
evolution and no young igneous/metamorphic rocks have been identified to the east of the Panamint
Mountains. However, there is an 11 Ma intrusion in the Black Mountains that is interpreted to have
formed at depth along the fault system and moved to its present surface position as the Black Mountains
were exhumed [Holm and Wernicke, 1990; Pavlis, 1996]. This pluton may be evidence of an earlier heat
source located to the west of the current Black Mountain fault location in a system that resembles the
western heat source in our models. The low strain band of this model suggests north-south faulting
within the Black Mountains, but no faults of this orientation and age are found there now.
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The center intrusion location gives rise to only one high strain band that results from the
combination of the intrusion and fault zone strain. This model result is in agreement with both the
evolution stages inferred for the last 6 Ma and present structure of Death Valley. From this
interpretation, we suggest that in order to create a model that accurately describes the formation of the
DVFZ features (fault zone trace, location of the pull-apart basin, and rocks found in the area related to
plutonic activity), the strain generated by the intrusion must have overlapped the strain produced by the
fault zone motion. Because there is no evidence to support the existence of additional strain bands
during the last 6 Ma, we suggest that the thermal (intrusion) and mechanical (fault trace) representations
have to be aligned in the modern system. The high strain concentration corresponds to the present
location of the pull-apart basin area and the other strain band values to the north and south represent the
NDVFZ and SDVFZ, respectively.
We interpret the intrusion to have had an influence on the strain development that separates the
Panamint and Black Mountains Range. After the intrusion cooled down, rock deformation took place at
strain magnitudes of ~ 30 – 40 nStrain/yr (shown by the strain band localized along the fault trace). This
is consistent with the observation of rocks in the vicinity of the area, suggesting that deformation has
been continuous even after the intrusion was no longer the major driving force [Pavlis, 1995]. This
interpretation implies that the intrusion took place during fault motion and that this produced a
lubricated shear zone. The faults act as pipes to transport magma in the crust, and the magma in turn,
lubricates the zone facilitating crustal block motion. Based on this, we suggest that fault lubrication
might be responsible for the low seismic activity in the area and the long earthquake recurrence interval
of 500 – 2600 years [Wesnousky, 1986; Klinger and Piety, 2000; Dixon et al., 2003]. The basalts found
in the cinder cone located in the northern most part of the SDVFZ that appear to have been emplaced
due to magma transported through faults from the intrusion beneath the pull-apart basin [de Voogd et al.,
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1986; Serpa et al., 1988] also corroborates fault lubrication and fault-zone transport of magma in Death
Valley.
3.6 Conclusions
Application of thermo-mechanical numerical models is essential for the study and analysis of
fault systems whose deformation is closely related to pluton emplacement. In this study, we analyze the
strain evolution of the DVFZ considering thermal perturbations resulting from a plausible intrusion
beneath the Death Valley pull-apart basin area utilizing a 3-D thermo-mechanical numerical model. Our
results suggest that the placement of a heat source can significantly alter both temperature and strain
fields in the system such that the development of the structures found in Death Valley are closely related
to an intrusion in the area. We model an intrusion with an initial temperature of 1000 °C that decays
through time and causes temperature gradient variations of >300 °C within ~ 10 km around the source.
The temperatures generated by the intrusion, as well as its geometry and depth location, develop the
environment to form a fabric similar to that found in the Death Valley plutonic complex and in the
turtleback rocks.
The shear strain rate is also very sensitive to the presence of an intrusion in the system. Our
models show a decrease of shear strain rate over time, however the magnitude and distribution is very
sensitive to intrusion and shear zone location. An intrusion causes strain localization in the vicinity of
the intrusion (10 – 15 km) of ~50 nStrain/yr more than a model with no intrusion. The east and west
intrusion locations generate a low magnitude band adjacent to a high strain band produced by the heat
source. This behavior may reflect the compensation of lateral flow of material from the less ductile
(cold) region to the more ductile (hot) region but also it may be just an artificial feature generated by the
model. On the other hand, this may fit the structural description of the Miocene plutonic complex
tectonic environment in where extension during that time gave rise to faults that later exposed the pluton
[Wright et al., 1991]. These results suggest that the thermal (i.e. heat source location) and mechanical
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(fault trace) descriptions have to coincide to prevent the model from generating results that are not
supported by the present geology of the area. The center pluton location forms only one high strain band
and therefore is the one that best reproduces the location of the pull-apart basin and fault traces of the
DVFZ. From these results, we conclude that, if in fact there were plutonic activity involved in the
formation of the DVFZ including the pull-apart basin, this intrusive body would be in the center position
in alignment with the fault zone.
The general comparisons of the model with the geological features of the Death Valley region
indicates they are consistent but in a more detailed examination, there are some model elements that do
not correspond entirely to the fault zone. The model was not able to generate a basin deep enough to
match basin fill observations. This discrepancy implies that we need to include in our model other faults
in the vicinity of the DVFZ that may have some influence in the evolution of the pull-apart basin. In
addition, we do not include scenarios of multiple intrusion events, since there is evidence that some
rocks (igneous and metamorphic) within the Death Valley plutonic complex may have formed in this
manner [Pavlis, 1996]. Future work should be aimed at a more detailed study of the resultant strain field
due to several intrusive events and the motion from surrounding fault systems.
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Chapter 4: Investigating variations in strain rate of the San Andreas Fault System
due to dipping fault geometry resolved by geodetic and seismicity data

Abstract. The San Andreas Fault System (SAFS) is a unique and well-instrumented natural laboratory
for investigating strain rate variations spanning a major continental transform boundary. The magnitude
and spatial distribution of strain rate models depend on several factors, including assumed crustal
rheology, slip rate, fault locking depth, and fault geometry. The SAFS is widely perceived to be
vertically dipping, however several recent studies using seismicity, potential field data, and activesource imaging suggest a variable degree of dip for several fault segments [Fuis et al., 2012]. To assess
the role of fault dip along the SAFS, we have developed a 3-D semi-analytic crustal deformation model
that includes dipping fault kinematics approximated by numerical integration. Regional seismicity
profiles using the earthquake hypocenter catalog of Lin et al. [2007] were also used to refine fault
segmentation. We adopt geologic slip rates defined by the UCERF3 modeling community and use an
integrated EarthScope GPS velocity field to invert for optimal fault locking depths. The incorporation of
dipping fault geometry can significantly impact strain rate magnitudes (~ -200/+900 nanostrain/yr
variation) and peak strain rate locations (horizontal shift) within the fault zone. These variations in strain
rates are caused by modifications in applied locking depths and slip rates, with the greatest differences
occurring within ~ 15 km of major faults. Comparisons of our dipping geometry strain model with other
dislocation models illustrates that some regions of the SAFS accommodate strain at rates higher than
suggested by alternative methods (i.e., isotropic gridding of sparse PBO GPS data (10 – 15 km spacing)
results in strain rates 5 – 8 times lower). Accurate estimates of strain accumulation rates are essential for
understanding the earthquake cycle and future work will include additional tuning of our model using
dense campaign GPS profiles and L-band radar interferometry.
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4.1. Introduction
Seismic hazard models [i.e., SCEC UCERF3 Workshop Report, 2010] are fundamental in
forecasting the magnitude and location of future earthquakes. The San Andreas Fault System (SAFS) is
an active fault system spanning an ~ 1000 km x 200 km region that defines the (Figure 4.1) boundary
between the Pacific and North American plates, making it an excellent natural laboratory for testing the
validity of seismic hazard models. These models are now beginning to utilize quantities like strain rate
or moment accumulation rate to properly estimate the earthquake potential of active faults based on an
accurate representation of fault locking depth and slip rate [e.g., Meade and Hager, 2005b; Parsons,
2006; Freed et al., 2007; WGCEP, 2007; Stein, 2008; Smith-Konter and Sandwell, 2009]. Furthermore,
relocated earthquake hypocenters in southern California show that the depth above which 99% of the
moment release of background seismicity occurs provides a reasonable estimate of the maximum depth
of rupture in moderate to large earthquakes [Nazareth and Hauksson, 2004]. Therefore, fault depth
estimates are fundamental in forecasting the magnitude of future events.
The Uniform California Earthquake Rupture Forecast (UCERF) Model [WGCEP 2003; 2007;
SCEC UCERF3 Workshop Report, 2010] is aimed at developing an earthquake rupture forecast model
for the entire state of California, incorporating new geologic and geodetic data and independent
scientific studies related to fault kinematics, to provide a better understanding of fault motion and
rupture that will yield large earthquakes. For this model, a range of deformation models have been
constructed and compared to establish the best possible interpretation of the strain being developed in
the study area [Hearn et al., 2010; Sandwell et al., 2010]. Thus the goal of this study is to provide a new
distribution of strain in the SAFS that will contribute to evolving UCERF analyses that explore data
limitations (i.e. GPS array), fault locations and strain discrepancies.
Strain rate and moment rate models of the SAFS typically assume a constant (i.e. 12 km) and
vertical fault depth for the entire fault system [e.g., WGCEP 2003; 2007], although independent
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observations from both seismology and geodesy suggest otherwise. Earthquake hypocenters of the
southern SAFS define a depth range of active seismicity typically 10-25 km deep, representing a
transition from seismic faulting to aseismic slip [e.g., Brace and Byerlee, 1970; Sibson, 1986; Miller and
Furlong, 1988; Marone and Scholz, 1988]. Geodetic surface deformation measurements (i.e., GPS or
InSAR), combined with a mathematical model, can be used to estimate the effective thickness of the
zone of interseismic strain accumulation, or the fault locking depth assuming no relevant shallow creep
[e.g., Thatcher, 1979; Lisowski et al., 1991; Smith and Sandwell, 2003; Becker et al., 2004; McCaffrey,
2005; Meade and Hager, 2005a]. However, depths determined independently from seismology and
geodesy do not always agree [e.g., Wdowinski, 2009] and thus understanding how these parameters are
calculated and applied in models is an important exercise. Such variability has important implications
for the accuracy to which future major earthquake magnitudes can be estimated.
As geodetic estimates of fault locking depth are dependent upon model fault geometry (alongstrike segmentation and also dip variations), proper representation of each active fault segment of the
SAFS is critical. To address these needs, our goal in this study is two fold: (1) to evaluate the impact of
dipping fault geometry [Fuis et al., 2012] on strain rate maps of the SAFS, and (2) to re-examine alongstrike fault segmentation of the southern SAFS using variations in the depths of seismicity from a new
earthquake hypocenter catalog [Lin et al., 2007], For (1), we analyze variations in strain rate of the
SAFS using a new version of the Smith and Sandwell [2003, 2004, 2006] model, now capable of
simulating deformation from both vertical and dipping fault geometries. We use this improved model to
explore the relevance of dipping fault geometry on strain distribution and also compare results to other
community strain rate models. For (2), we evaluate along-strike depth variations for each major fault
segment to determine if additional sub-segmentation is necessary. The along strike seismicity subsegmentation analysis is provided in detail in Appendix 4.A. Ultimately, we hope to contribute a refined
fault segmentation model to be used for complimentary UCERF3 fault slip rate analyses. Our own next94

generation deformation models of the SAFS will be further tuned to reflect these refined fault
segmentations.

Figure 4.1. San Andreas Fault System (SAFS) segment locations. Fault segment numbers coincide with labels on Table 4.2.
This fault segmentation was adopted from previous Working Group on California Earthquake Probabilities (WGCEP)
[WGCEP 2005, 2007] and Uniform California Earthquake Rupture Forecast, version 3 (UCERF3) studies. Black arrows
indicate sub-segmentation of southern California faults based on seismicity. Insert: Diagrams showing dipping fault geometry
estimates of five segments from Fuis et al. [2012].
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4.2. Semi-analytic dipping fault modeling
The dipping fault model used in this study (hereafter, dipping fault model) is an extension of the
three-dimensional (3-D) semi-analytic crustal deformation model developed by Smith and Sandwell
[2003, 2004, 2006]. This original model (hereafter, vertical fault model) is a linear viscoelastic Maxwell
model capable of simulating the elastic [e.g., Okada, 1985, 1992] and time-dependent viscoelastic [e.g.,
Rundle and Jackson, 1977; Savage and Prescott, 1978] response of vertical strike-slip fault elements
from a distribution of body forces (Figure 4.2). The vertical fault model geometry consists of a series of
vertical connected faults within a homogeneous elastic plate overlying a viscoelastic half-space (Figure
4.3a). The model simulates deformation throughout the entire earthquake cycle in the form of
interseismic strain accumulation, coseismic displacement, and post-seismic viscous relaxation of the
mantle. Solutions forming this model are semi-analytic in that body-force balance equations are solved
analytically in both the vertical and time dimensions (z, t), but the solution in the two horizontal
dimensions (x, y) is obtained in the Fourier transform domain to exploit the efficiency offered by the
convolution theorem. Additional details of the vertical fault model description and parameters can be
found in Chapter 2.
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Figure 4.2. Diagram showing the 3-D sketch of the semi-analytic viscoelastic fault model that simulates an elastic layer over
a linear Maxwell viscoelastic half-space. Faults are embedded within an elastic plate of thickness H and extend throughout
the locking depth d. A displacement discontinuity across each fault element is simulated by a finite force couple (F), whose
magnitude is given by the slip rate (V0) [Modified from Smith and Sandwell, 2004].

Realizing the need for a more flexible definition of fault geometry, we constructed a new semianalytic computational code for simulating dipping fault geometry (Figure 4.3b). In this new code, the
fundamental analytic modeling technique of Smith and Sandwell [2003, 2004, 2006] remains, however a
series of down-stepping force couples (vertical fault planes + horizontal “sheet” planes) are numerically
integrated to simulate a dipping fault (Figure 4.3b insert). The model calculates 3-D deformation
(velocity, stress, strain) using the revised fault geometry defined by a prescribed locking depth (d,
vertical direction) and dip angle (φ, measured from the horizontal) assigned to each fault segment
(Figure 4.3b). In other words, the down-dip length of the fault (D) is defined by the hypotenuse of a
right triangle formed by the vertical locking depth and dip angle as

.
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(4.1)

Using this derivation, we define east-dipping faults with φ = 0−90° and west-dipping faults with

φ = 90−180°.
In simple analytic terms, the two-dimension (2-D) solution for the interseismic velocity across a
fault of locking depth d [Weertman and Weertman, 1964] is given by

(4.2)

where V is the strike-slip rate, and x is the fault-perpendicular distance across the fault-plane. The shear
strain rate ( ε˙ ) is obtained by taking derivative of the velocity profile with respect to x [Cohen, 1999],
expressed as

€

ε˙ =

€
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(4.3)

Figure 4.3. Block diagrams showing the vertical (a) and dipping (b) fault geometries considered in the 3-D semi-analytic
viscoelastic fault model. For (a) a vertical fault is shown, locked to a depth d, below which it is free to slip. (b) Same as (a)
but with a fault geometry dipping at an angle ϕ and the new locked section of the fault D. Insert: Zoom in view of the “stair
step” approximation technique used to simulate strike-slip motion on a dipping fault plane. Here, we sum a series of vertical
fault plane dislocations and horizontal “sheet” dislocations to prescribe slip over the entire dipping fault plane. Circles
containing a dot represent the direction of motion going out of the page while circles containing an “x” represent the direction
of motion going into the page. A larger number of stair steps yield a more accurate approximation to purely analytical
solutions. Numerical tests show that the minimum height and width of each vertical and horizontal dislocation is limited to 2
km.

For a dipping fault, there is a rotation of the coordinate system, where x is becomes x’= xcosϕ + ysinϕ to
account for this rotation. From this, the velocity and shear strain rate can be expressed as

(4.4)

(4.5)
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where dϕ=d – xsinϕrcosϕr and ϕr=90 – ϕ. Note that in the case of a vertical fault (φr = 0°), equations
(4.4) and (4.5) reduce to the simplified vertical fault solutions of (4.2) and (4.3), respectively. The
variation in velocity across a dipping fault is shown in Figure 4.4, where we illustrate interseismic
surface velocities at different dipping angles. The basic effect of a dipping fault is to shift the arctangent
velocity function horizontally by an amount dφtan φr; the amplitude of the velocity does not change.

Figure 4.4. 2-D comparison of analytic solution (equation 4.4) and our dipping fault model approximation showing the
variation in surface velocity as a function of dip angle. This simulation represents interseismic (deep slip) motion on a fault
locked from the surface to a vertical depth of 20 km with a slip rate of 40 mm/yr.

We verified the accuracy of our dipping fault model code through numerous comparisons with
known analytic solutions. These include both 2-D and 3-D infinite and finite fault analytic examples of
dislocations in a homogeneous elastic half-space (no viscoelastic analytic solutions are available for
comparison). Our dipping fault model approximation provides an excellent agreement to both 2-D
(Figure 4.4) and 3-D (Figure 4.5) elastic solutions, particularly for steep dip angles (ϕ > 60°). For the 2D case, we note that the most significant disagreement is produced by ϕ = 45°, where the accuracy of
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our approximation decreases by 20% at a horizontal distance of ~3 times the vertical locking depth (d).
In 3-D (Figure 4.5), small numerical residuals are evident near the fault, even for a φ = 90°, due to the
numerical integration of force couples that we apply; these errors are confined to the width of the fault
zone (~2 km), and can be improved with a finer model grid resolution. For modest dip angles (in Figure
4.5b, we show ϕ of 135°, west dipping) the off-fault residuals are quite small (~5-10%). At the time of
preparation of this dissertation, only dip angles 45° – 135° have been tested and we limit our application
of SAFS fault dip to this geometry. Dip angles for the SAFS used in this study are provided in Table 4.1
and further discussed in Section 4.2.

Figure 4.5. 3-D comparison of analytic solution provided by the Synthetic Interferogram Calculator (SIC, Yuri Fialko) and
our dipping fault model approximation, showing the variation in surface velocity for a vertical fault (a) and a west dipping
fault of 45° (b). This simulation represents co-seismic (shallow) motion on a fault locked from the surface to a vertical depth
of 20 km with a slip rate of 40 mm/yr.
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4.3. Fault dipping mechanics applied to the San Andreas Fault System
The SAFS is widely perceived to be vertically dipping, however, studies by Fuis et al. [2012]
suggest that there is considerable deviation from a vertical fault dip along the Big Bend region and for
the Mojave, the San Bernardino, North Palm Springs and Coachella Valley segments. For the study
presented here, we adopt dipping geometry for the Coachella Valley (segment 4, 57° NE), Palm Springs
(segment 5, 52° NE), San Bernardino Mountains (segment 6, 45° NE), Mojave (segment 13, 83° NE),
and Carrizo (segment 14a, 55° S) segments (Figure 1). Other studies have estimated a dip of 52° – 66°
[S. Janecke, personal communication] for the southern section of the Coachella segment near the Salton
Sea which falls within the value calculated by Fuis et al. [2012]. We note that Fuis et al. [2012] report a
very low dip of 37° NE for the San Bernardio segment, however we presently restrict our model to 45°
dip geometry based on limited testing and accuracy considerations.
To assess the role of fault dip along the SAFS, we prescribe dip geometry according to Figure
4.1 for 5 segments in our model, perform an inversion for revised locking depths of all segments, and
calculate a strain rate map reflecting these new depths. As a first step, we calculate a “starting model”
strain rate map of the SAFS that assumes vertical geometry for all the faults in the SAFS and reflects a
few sub-segmentation variations (primarily based on expected (apriori) results described the Appendix).
This starting model also uses locking depths from Smith-Konter and Sandwell [2009] and Smith-Konter
et al. [2011] (Table 4.1) that were obtained through a rigorous inversion constrained by a unified
EarthScope GPS velocity field (compiled by T. Herring).
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Table 4.1. SAFS labels and fault parameters
Seg.
#
0a
0b
0c
1
2
3a
3b
4
5
6
7a
7b
8
9
10
11
12
13
14a
14b
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30a
30b
31a
31b
31c
31d
31e
32
33
34
35
36
37
38
39

Segment
Name
Cerro Prieto
Cerro Prieto
Cerro Prieto
Imperial South
Imperial North
Brawley
Brawley
SAF – Coachella Valley
SAF – Palm Springs
SAF- San Bernardino Mts.
Superstition Hills South
Superstition Hills North
SJF – Borrego
SJF – Coyote Creek
SJF – Anza
SJF – San Jacinto Valley
SJF – San Jacinto Mts.
SAF – Mojave
SAF – Carrizo
SAF – Carrizo
SAF – Cholame
SAF – Parkfield
SAF – Creeping
SAF – Santa Cruz Mts.
SAF – Peninsula
SAF – Pt. Reyes
SAF – North Coast
Calaveras South
Calaveras North
Concord
Green Valley/Bartlett Spring
Hayward South
Hayward North
Rodgers Creek
Maacama
Laguna Salada
Laguna Salada
Elsinore
Elsinore
Elsinore
Elsinore
Elsinore
Palm Springs North Link
Lenwood
Helendale
Helendale North Link
Blackwater
Owens Valley
ECSZ East
Death Valley/Basin & Range

Slip rate

Dip

(mm/yr)

(degrees)

40
40
40
40
25
25
25
25
23
16
15
15
15
15
15
12
12
33
33
36
36
36
36
21
21
25
25
19
7
7
5
12
12
12
10
5
5
5
5
5
5
5
6
5
4
6
1
4
5
5

90
90
90
90
90
90
90
57 NE
52 NE
37 NE
90
90
90
90
90
90
90
83 NE
55 S
55 S
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
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Locking depth (km)
Vertical
Dipping
-1.0
-7.0
-1.0
-9.6
-1.0
-2.1
-5.9
-4.9
-11.6
-1.1
-15.3
-1.9
-1.0
-1.0
-11.5
-11.5
-16.4
-25.0
-17.8
-25.0
-10.8
-9.1
-6.4
-4.0
-8.0
-11.6
-4.5
-9.9
-13.7
-11.8
-21.5
-8.5
-21.0
-8.9
-16.8
-10.6
-11.5
25.0
-11.5
-11.4
-9.1
-8.8
-10.9
-12.9
-2.2
-1.4
-6.3
-3.5
-16.2
-16.7
-15.5
-25.0
-13.2
-25.0
-1.2
-1.0
-1.0
-1.0
-1.0
-1.0
-12.0
-1.0
-5.1
-6.0
-4.4
-6.0
-4.5
-5.9
-1.6
-1.2
-9.0
-10.9
-9.0
-10.3
-14.8
-21.3
-14.8
-16.4
-14.8
-22.4
-14.8
-23.2
-14.8
-20.9
-15.0
-5.4
-7.9
-2.7
-4.2
-2.0
-15.0
-8.8
-16.8
-2.6
-11.5
-16.4
-16.9
-1.0
-1.5
-2.1

A strain rate map is calculated from a continuous velocity model using the following approach.
First, we take the surface velocity vector given by

(4.6)

where v is the velocity terms of position (x), i=1, 2, 3; j=1, 2. Differentiation of the velocity vector
gives the strain rate in 2-D, expressed as

1  ∂v ∂v 
ε˙ij =  i + j 
2  ∂x j ∂x i 

(4.7)

€ tensor ( ε˙ ) is a scalar measurement that provides a proxy for the
The second invariant of the strain
II

intensity of the deformation and it is expressed in terms of the strain tensors as

€

ε˙II = (ε˙xx2 + ε˙yy2 + 2ε˙xy2 )

1

2

(4.8)

where ε˙xx (or ε˙yy ) is the extension€component of strain acting on the x-plane (y-plane) and parallel to the
x-axis (y-axis) and ε˙xy is the shear strain component on the x-plane and parallel to the y-axis.
€

€

The second invariant strain rate tensor distribution, derived using the starting model parameters,

€ in Figure 4.6. Here, we note that the highest values of strain rate are located along faults with
is provided
high slip rates (Table 4.1), but that locking depth also plays an important role. Shallow locking depths
yield higher horizontal strain rates at the Earth’s surface than deep locking depths since the surface
strain rate is inversely proportional to locking depth, as expressed in equation 4.3. This relationship is
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evident along the Cerro Prieto (d = 5 km), Imperial (average d = 6 km), Creeping (d = 2 km), and
Calaveras (d = 1 km) segments, where peak strain rates range between 1500 to 3500 nanostrain/yr.

Figure 4.6. Strain rates derived from the 3-D semi-analytic viscoelastic crust deformation model assuming vertical fault
geometry for all the faults in the SAFS. Model velocities used to derive this strain map were supplemented with an additional
velocity model component developed by gridding the residuals to the GPS data using the GMT (Generic Mapping Tool)
surface program with a tension of 0.35. The locking depths were adopted from Smith-Konter et al. [2011]. White lines
indicate profile locations of Figure 4.8.

To assess the role of fault dip on strain rate distribution, we next construct the SAFS dipping
fault model that uses the same input parameters and fault segmentation utilized in the vertical starting
model, but adopts dip angles for five segments in southern California. With this new dipping geometry
for the southern SAFS segments, we utilize an iterative least square approach similar to the one describe
in Chapter 2. The dipping fault model inversion yields different locking depth results (Table 4.1) from
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the previous results obtained by Smith-Konter and Sandwell [2009] and Smith-Konter et al. [2011]
because of 1) an improved GPS data set was used to constrain the model and 2) deformation arising
from the applied dipping fault geometry provides an improved fit to GPS surface velocities in some
places. The new dipping fault model also provides an improvement to the Root Mean Square (RMS)
residual, which decreases from 2.74 mm/yr in the fault-parallel direction and 2.80 in the faultperpendicular direction, to 2.53 mm/yr and 2.52 mm/yr the fault-parallel and fault-perpendicular
directions, respectively. The incorporation of dipping geometry also has an impact on strain rate
magnitude (Figure 4.7a) and peak strain rate locations (Figure 4.8) within the SAFS when compared to
the vertical fault geometry model. These variations are further discussed in Section 4.1.
4.4. Discussion
4.4.1 Strain rate variations
The major differences between the vertical and dipping fault models strain rate (Figure 4.7b) are
due to a modification of geometry of the Coachella Valley, Palm Spring, San Bernardino Mountains,
Mojave and Carrizo (segments 4, 5, 6, 13 and 14, respectively) faults in the southern SAFS, which
results in a change in the distribution of the strain rate in the entire SAFS. Locking depth modifications
also play an important part in the strain rate magnitudes. These variations are of approximately 200/+900 nanostrain/yr. Along the 5 dipping segments, strain rate residuals are not located along the
fault traces but rather within an area adjacent to the fault, depending on the direction of dip (Figure 4.9).
For example, strain rate changes of segment 4 (Coachella Valley fault) are observed to be slightly
negative on the west side of the fault and positive on the east side of the fault. The positive variation, of
approximately 160 nanostrain/yr, on the east side of the fault is due to a shift in the peak strain rate to
the east (northeast dipping direction). This positive residual can also be traced to the southern tip of
segment 4, where the fault orientation changes drastically as it cuts through the southeastern edge of the
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Salton Sea. The strain rate variation in the Coachella Valley fault is, for the most part, caused by a
change in the fault geometry because the locking depth of this segment remains constant in both models.

Figure 4.7. (a) Same as Figure 4.6. (b) Strain rate distributions from the dipping fault geometry model. New locking depths
results were computed to optimally fit new geodetic data. (c) Differences in strain rate distribution between the vertical and
dipping fault geometry models (dipping – vertical). These variations range between -200/+900 nanostrain/yr. White lines
mark the profiles location of Figure 4.8. Colors are saturated at ± 100 nanostrain to highlight the variations.
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The Carrizo fault (segment 14) also develops the same kind of positive strain variation
distribution as the Coachella Valley fault (segment 4), but smaller in magnitude (~ 60 nanostrain/yr) and
covering a smaller area. Segment 14 is interpreted to have a 55° south dip. Because of the fault
orientation and dip direction, the negative residuals are not very evident on the west side of the fault.
The locking depth also influences the strain magnitude since this fault has a locking depth of 11.5 km in
the vertical model, while the dipping fault model inversion resulted in a depth of 25 km. For the San
Bernardino Mountains fault (segment 6), there is not an obvious variation between both sides of the
faults, where we would expect to see a negative residual on the west side of the fault and a positive
residual on the east side of the fault; the residual in this figure is largely negative only (Figure 4.7b).
This may be due to the geometry (45° northeast dip), the northwest-southeast fault orientation, and
difference in the locking depth in both the vertical and dipping fault model (17.8 km and 25 km,
respectively). Another reason for this behavior may be the dampening of the positive residual by other
strain rate variations in the vicinity of the fault.
Increased magnitudes of strain rate (more than 100 nanostrain/yr) are located along the Imperial
(segment 1), Coachella Valley (segment 4), Mojave (segment 13) and Creeping (segment 17) faults. The
Imperial and Creeping segments are assumed to have a vertical geometry but the higher strain rate
produced along these segments (in comparison to the vertical geometry model) arises from the change
in the locking depth for the faults. In the case of the Imperial fault, the best fitting locking depth changed
from 5.9 km in the vertical model to 4.9 km after inverting for new locking depth solutions in the
dipping fault model. This variation in locking depth towards shallower values produces significant strain
variations that are also nicely illustrated in profile view, extracted across the Imperial fault (Figure 4.8).
Here, the profile shows that the vertical model predicts a peak strain rate of 1327 nanostrain/yr that is
318 nanostrain/yr lower than the strain rate obtained from the dipping model. The Creeping segment
also prefers a lower locking depths when using the dipping fault model, causing an increase in the strain
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accumulation rate. This can be observed in the profile view (Figure 4.8a). Here there is a difference of ~
860 nanostrain/yr peak strain rate between the vertical and dipping model (locking depths of 2.2 km and
1.4, respectively).

Figure 4.8. Strain rate profiles across the SAFS at four different locations marked in Figures 4.6, 4.7 and 4.10. The dashed
line represents vertical geometry fault model, the solid line represents the dipping geometry model, and the dotted line
represents Zeng’s model. Variations in strain rate magnitude between vertical and dipping models are due to a change in
locking depth solution, while horizontal shifts in peak strain rate are primarily due to dipping fault geometry. The numbers in
parentheses correspond to the segment numbers in Table 4.1.

As described in Section 4.2, the horizontal location of the strain rate peak is dependent on the dip
angle of the fault. In Figure 4.8 (b and c), dipping faults have peak strain rates that are horizontally
shifted in the fault-perpendicular direction. This shift distance (s) scales as approximately

,

(4.10)

where d is the locking depth and ϕ is the dip angle. There is a small peak strain rate shift of ~ 1 km to
the east in the profile across the Mojave segment (Figure 4.8b) and a strain difference of about 100
nanostrain/yr between the vertical and dipping models (320 and 420 nanostrain/yr, respectively) due to a
6 km locking depth change. In Figure 4.8c, the 57° dip of the Coachella Valley fault produces an ~ 7 km
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peak strain rate shift to the east (Figure 4.9), but the strain rate magnitude variation between the models
is negligible, as there is no change in locking depth between the vertical and the dipping fault models. It
is worth pointing out that this profile also reflects strain rate variations across the San Jacinto fault
(segment 9; in Figure 4.8c, peak strain rate of vertical model located at fault perpendicular distance of 10 km), where the vertical fault model generates a significantly larger strain rate (464 nanostrain/yr,
locking depth 4.5 km) than the dipping model (333 nanostrain/yr, locking depth 9.9 km), but there is
also an apparent horizontal shift in the strain rate peaks. This behavior cannot be explained by a dipping
fault geometry on this fault segment (it is assumed vertical in both models), however it may be
influenced by a redistribution of strain from segment 4.

Figure 4.9. Strain rate profiles across the Coachella Valley fault (segment 4) as marked in profile C – C’ of Figures 4.6 and
4.7. (a) Strain magnitude produced by the fault having a vertical geometry (90° dip). (b) Same as (a) but having a dipping
fault geometry of 57° in the NE direction. Both models, vertical and dipping, are calculated using a locking depth of 11.5 km.
(c) Shows the strain difference between the dipping and vertical fault models consistent with the strain difference plot of
Figure 4.7c.

Strain magnitude and distribution are important factors for understanding the deformation
produced by the motion of a fault and have important implications on the occurrence of seismic events
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within a fault system [Sandwell et al., 2010; Smith-Konter et al., 2010; Wei et al., 2010]. As this study
has demonstrated, fault geometry plays a significant role in the calculation of strain in the SAFS.
Dipping geometry of the Coachella Valley, Palm Springs, and San Bernardino Mountain faults
(segments 4, 5, and 6, respectively) may be subtly increasing the strain east of the SAFS, perhaps as far
as the Eastern California Shear Zone. Two of the largest historical earthquakes in southern California
(Mw = 7.3 Landers and Mw = 7.1 Hector Mine earthquakes) occurred in this region, where slip rates are
much lower.
Although a complete analysis of the relationship between dipping fault geometry and the
triggering of seismic events goes beyond the scope of this project, it is worth briefly discussing its
importance. The triggering of earthquakes along the SAFS has been previously studied by other analyses
[e.g. Anderson et al. 1994; King et al. 1994; Freed, 2005], which conclude that the triggering of events
is dependent on the regional stress (or strain), fault motion and geometry. Therefore, stress/strain
accumulation rates and spatial distribution are important factors to consider for earthquake magnitude
calculations and investigations related to the directivity of the triggering (related to the fault geometry).
If dipping geometry can impart additional strain that is not necessarily developed along the fault trace
but rather a broader area following the dipping direction, then triggering directivity may also be closely
related to the dip of the fault.
4.4.2 Community strain rate model comparisons
A recent comparison of strain rate maps of southern California, produced by 16 research groups
using primarily the same GPS measurements, revealed that modeled rates can differ by a factor of 5 – 8,
with the largest differences along the most active faults [Hearn et al., 2010; Sandwell et al., 2010;
Smith-Konter et al., 2010a]. Simple dislocation models predict that strain rate is proportional to slip rate
divided by the locking depth, so even when using similar slip rates, strain rates can differ by a factor of 2
– 3 because of different fault depth assumptions. To further explore these variations, we compare our
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strain rate model to a complimentary model provided by Y. Zeng (USGS) [Y. Zeng, personal
communication], which was a participating model in the UCERF3 project to better inspect the spatial
distribution of strain in California. The Zeng model was developed by computing an inverse solution for
fault slip rates in California using a fault-based model developed from the UCERF3 fault geometry and
an updated GPS velocity model for the western US from T. Herring. The model was then used to
simulate the strain rate distribution for California and its neighbors analytically using the method of
Okada [1992]. Locking depths are defined by seismicity and dipping fault geometry is included for all
applicable faults. Residual strain rates based on the difference between the observed GPS velocities and
the fault model predictions were calculated for all the GPS stations around California. Residual strain
rates were then interpolated to a uniform grid using a modified approach of Shen et al. [1996]. This
approach uses an azimuthal weighting scheme based on the area of the Voronoi cells determined for
those GPS stations in addition to the Gaussian distance decay function and the GPS velocity error
weighting. The final estimate of strain rate for the region was obtained by combining the predicted strain
rate map and the interpolated residual strain rate map.
Previous comparisons of strain rate estimates from dislocation models [Hearn et al., 2010] have
suggested that some regions of the SAFS accommodate strain at rates higher than suggested by
alternative methods (i.e., isotropic gridding of sparse PBO GPS data at 10 – 15 km spacing results in
strain rates 5 – 8 times lower). For this study, however, we directly compare two dislocation model
approaches (our model and Zeng’s) (Figure 4.10). We find that while these results have similar strain
rate features over the entire plate boundary, significant differences are observed due to variations in
applied slip rates and locking depths (Figure 4.8). The greatest differences typically occur within 15 km
of major faults. Regions of significant disagreement are highlighted along the Creeping segment (Figure
4.8a), where the dipping model estimates ~3300 nanostrain/yr and the Zeng model estimates < 200
nanostrain/yr. These differences are due to variations in the depth of shallow creep. The Zeng model
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assumes zero locking depth (free slip to the surface, so no strain accumulation) along the Creeping
segment, however our geodetically determined locking depth for this segment is 1.4 km (very shallow
locking, but significant strain accumulation). A similar behavior is also noted just south of the Creeping
segment at Parkfield. Here the Zeng model assigns a locking depth between 8 and 15 km, but also
permits shallow creep at depths above 5 km. Our model assigns a locking depth of 12 km with no
shallow creep. In general, we note the overall reduced strain rate in all the extracted profiles of the Zeng
model of Figure 4.8, likely due to deeper locking depths (derived from seismicity, see Appendix 4.A)
adopted by the Zeng model.

Figure 4.10. Strain rate comparison of dipping fault geometry model and Zeng model. (a) Strain rates derived from the 3-D
semi-analytic crustal deformation model (including dipping fault geometry) using optimized locking depth results to fit new
PBO geodetic data. Model velocities were supplemented with an additional velocity model component developed by gridding
the residuals to the GPS data using the GMT surface program with a tension of 0.35. (b) Strain rates calculated using Zeng
model, which simulates the strain rate distribution for California and its neighbors analytically using the method of Okada
[1992] (see text for additional details). White lines indicate profile locations of Figure 4.8.
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4.5. Conclusions
The incorporation of dipping fault geometry provides a more accurate representation of fault
kinematics of the SAFS and can significantly impact strain rate magnitudes and peak strain locations.
Peak strain rates of a dipping model are horizontally shifted in the fault-perpendicular direction by a
distance dependent upon the locking depth and dip angle. Variations in strain rate magnitude between
strictly vertical and dipping models are also due to a change in locking depth needed to satisfy
deformation due to dip. These differences are of approximately -200/+900 nanostrain/yr, with the
biggest changes along the Imperial, Coachella Valley, Mojave and Creeping segments. In general,
dislocation models concentrate strain rates near faults but modest differences in applied slip rates and
locking depths can generate significant strain rate variations between models.
Dipping fault geometry may also have important implications on future earthquake events.
Dipping faults, according to our model calculations, can distribute strain not only on the fault trace but
also within a surrounding area following the dipping direction. The results obtained here imply that the
dipping fault geometry model predicts larger and different strain rates distributions than the vertical fault
geometry model for the SAFS. Thus, this further suggests that a change in fault geometry does impact
the calculations of strain in the system and has to be taken into consideration in all model calculations.
This may have important implications relating to the triggering of local seismic events (magnitude and
directivity).
We can conclude that having a more accurate representation of fault geometry can greatly
improve the understanding of fault kinematics and therefore obtain better forecasting of future seismic
events. Moreover, accurate estimates of strain rates based on a more realistic fault geometry and
improved crustal deformation data are essential for understanding the earthquake cycle. Future work
should include additional tuning of model parameters using dense campaign GPS profiles and highresolution L-band radar interferometry [i.e., Tong et al., 2011], as well as the incorporation of dip angles
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for other faults in the SAFS as provided by the UCERF3 fault parameters [i.e. Willis et al., 2008] to
obtain better constraints on strain rate of the SAFS.
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Appendix 4.A: Fault sub-segmentation of southern SAFS based on seismicity
In a recent study, Smith-Konter et al., [2011] compared fault depths of 12 segments of the
southern SAFS estimated from both seismic and geodetic methods. They established spatial variations in
geodetic locking depth along 12 main segments of the southern SAFS using a geodetically constrained
semi-analytic block model [Smith and Sandwell, 2003; 2006; 2009], where the locking depth was varied
along each fault segment to minimize the weighted residual misfit to 1000+ EarthScope Plate Boundary
Observatory (PBO) horizontal velocities (Figure 4.A.1b. They also examined earthquake depths in the
LSH07 (Lin, Shearer, Hauksson) catalog of Lin et al. [2007] and determined a cutoff percentile depth at
99% to define the maximum depth of seismicity for each fault segment (Figure 4.A.1a). Results from
this work (Figure 4.A.2) showed that there is generally good agreement between seismogenic thickness
and geodetic locking depth, with 9 out of the 12 fault segments analyzed agreeing to within 2 km.
However, three segments (Imperial, Coyote Creek, and Borrego) have significant discrepancies, with
seismic estimates that are well outside the error bounds of the geodetic locking depths. In these cases,
the geodetically-inferred locking depths are much shallower than the seismogenic depths.
Both geodetic and seismic estimates from the Smith-Konter et al. [2011] study are basically an
along-strike average of the data sampled for each predefined fault segment (Figure 4.A.2). This study
also assumed vertical fault geometry for all segments. How realistic are these assumptions? As geodetic
estimates are model dependent, they require a fairly complicated segmentation scheme to provide
sufficient along-strike resolution to address realistic depth variations. Along some segments, however,
significant along-strike variations in fault depth are evident in the seismic record. For example, the San
Bernardino segment has a maximum depth of seismicity that is much deeper in the south (~20 km) than
in the north (10-15 km) [Magistrale and Zhou, 1996; Plate 6 from Richards-Dinger and Shearer, 2000;
Nazareth and Hauksson, 2004].

Evidence of depth variation is also observed along the Imperial

segment (Figure 5 from my paper), where seismicity along the northern section appears to cluster at a
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deeper depth than along the southern section.

Figure 4.A.1. (a) Relocate seismicity for southern California using the LSH catalogue [Lin et al., 2007] that includes events
from 1981 to 2005. (b) GPS stations from the EarthScope Plate Boundary Observatory (PBO) located in southern California.
This data set also includes a high-density GPS array [Lyons et al., 2002] located in the Imperial fault area to provide better
coverage of the region. [Adapted from Smith-Konter et al., 2011].

The comparison done by Smith-Konter et al. [2011] between the geodetic locking depths and
seismogenic thickness revealed significant discrepancies in the results obtained using both approaches.
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In here they analyze the locking depths of 12 faults (Imperial, Coachella Valley, Palm Spring, San
Bernardino, Mojave, Carrizo, Superstition Mountain, Borrego, Coyote Creek, Anza, San Jacinto Valley,
San Jacinto Mountains) in the southern SAFS. They found that the locking depths of nine of the twelve
faults inspected have a difference of less than 2 km (Figure 4.A.2). The remaining three faults have
greater discrepancies even when taking into account the uncertainties of each measurement. The fact
that the geodetic and seismogenic approaches are in agreement for most segments but that three obvious
outliers exist, motivated us to take a closer look at the way in which the fault segments are divided and
to investigate whether or not a finer fault sub-segmentation will can improve agreement of geodetic and
seismogenic depths.

Figure 4.A.2. Comparison of the fault depths inferred from seismicity (horizontal axis) and geodetic models (vertical axis).
Seismogenic thicknesses are estimated using the Lin et al. [2007] catalogue at 99% seismicity cutoff depth. Uncertainties
estimates in seismogenic depths (calculated from the 90 – 99% seismicity cutoff depths approximations) and geodetic depths
(given in Table 4.1) are also shown. Number labels correspond to the segment numbers in Table 4.1. The dark shaded circle
shows the segments (segments 1, 8 and 9) in where seismicity suggests a much deeper locking depth than the geodetic model.
Light shaded region represent the segments whose locking depths are similar in both seismic and geodetic depths. The
diagonal line marks the 1:1 match in depths. Modified from Smith-Konter et al. [2011]
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4.A.1 Along-strike sub-segmentation of the southern SAFS
To evaluate the accuracy of along-strike segmentation of the San Andreas, San Jacinto, and
Elsinore faults in southern California, we inspect variations in depths of seismicity from the earthquake
hypocenter catalog of Lin et al. [2007] (hereafter, LSH07). This catalogue utilizes waveform crosscorrelation and a new 3-D velocity model for southern California to relocate 400,000 earthquakes
between 1981 and 2005. We use the SCEC UCERF3 segmentation as a first-order model of major fault
segments and examine along-strike profiles of seismicity as a function of depth for each segment,
analogous to the approach of Smith-Konter et al. [2011]. To achieve robust depth estimates that are
insensitive to occasional stray earthquake locations at large depth, we assign a cutoff percentile depth at
90%, 95%, and 99% to define the maximum depths of seismicity. We use a Fortran code (psplot)
provided by P. Shearer (UC San Diego) to calculate these depths; this program uses latitude and
longitude locations along a fault trace (of any length and resolution) and a seismicity window width
(distance across the fault, 5 km) as input, plots along-strike seismicity in map view and as a function of
depth, and outputs a maximum depth of seismicity along the defined fault trace. For segments that have
significant along-strike variations in maximum depth of seismicity, or gaps in seismicity, we attempt to
refine the fault segmentation to accommodate these observed variations. Segment definitions (alongstrike end points) were qualitatively assigned based on observed seismicity breaks, both from map view
and from each along-strike profile.
In total, 20 segments (limited to the spatial dimensions of the LSH07 catalog and excluding
segments in the Eastern California Shear Zone at this time) were investigated in this study (Table 4.A.1,
Figure 4.A.3). In table 4.A.1, the geodetic depths were primarily adopted from Smith-Konter et al.
[2011] but some modifications are based on subsequent analyses since the time of publication and the
italicized numbers represent locking depth values without sub-segmentation of the fault. Of these, we
find that 13 segments require additional sub-segmentation to properly represent along-strike seismicity
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variations. Segments that appear to be already satisfactorily sub-segmented are Palm Springs, Coyote
Creek, Superstition Hills North, San Jacinto Valley, Borrego, San Jacinto Mountains, and Cholame.
Alternatively, segments for which further sub-segmentation is suggested are Cerro Prieto, Imperial
(southern and northern sections), Brawley, Coachella Valley, San Bernardino Mountains, Superstition
Hills South, Anza, Mojave, Carrizo, Parkfield, Laguna Salada, and Elsinore. A discussion of these
results, including the variations in seismogenic depth yielded by additional sub-segmentation, as well as
a comparison with previous geodetic locking depth results, is summarized below.

Figure 4.A.3 Map showing the suggested segment locations of the southern SAFS. Segment numbers correspond to the
names in Table 1. Modifed from Smith-Konter et al. [2011]
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4.A.1.1 Cerro Prieto, Segment 0
Smith-Konter et al. [2011] oversimplified the segmentation of this segment, assuming one single
fault of ~ 115 km in length, and resulting in a very shallow (and likely erroneous) average along-strike
locking depth of 1 km (very limited GPS data are available here, which could also adversely impact this
geodetic depth estimate). Using this same simplified length as a single segment, seismicity depths from
LSH07 range from 16 – 31.9 km. Along-strike patterns, however, suggest 3 fairly obvious patches for
this segment (Figure 4.A.4). This segment has little seismic activity on the southern end (segment 0c)
and the two northern sub-segments (segments 0a and 0b) differ in hypocenter depths. Segment 0b
contains a cluster of events at slightly greater depths than segment 0a, influencing the depths calculated
at the different seismicity cutoffs. For the segment 0a, we calculated depths of 16.0, 22.3 and 31.9 km
using the 90%, 95% and 99% seismicity cutoffs, respectively. The depths obtained for segment 0b are
deeper than those of segment 0a for the 90% (21.0 km), 95% (28.4 km) and 99% (34.3 km) cutoffs.
Segment 0c has the shallowest depths with 7 km for the 90% and 95 % and 11.0 for the 99% seismicity
cutoff depth. As segment 0c is the longest section of the fault, this segment may have also influenced
the very shallow geodetic locking depth that was previously determined. It could also be argued that
even further sub-segmentation (perhaps 5 sub-segments, as opposed to 3) could improve the along-strike
characterization of this segment. Future work will pursue this.
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Figure 4.A.4. Seismicity and depth estimates for the Cerro Prieto segment. Seismicity is presented for the entire segment in
map view (upper left panel) and along strike as a function of depth (lower left corner). Results for this study’s estimates of
additional sub-segmentation are also presented (right panels). Table 4.A.1 summarizes the 90–99% seismicity cutoff depth
estimates for each segment and sub-segment.

4.A.1.2 Imperial South, Segment 1
Evidence of depth variation is also observed along the Imperial South segment (segment 1),
where seismicity along the northern section appears to cluster at deeper depths than along the southern
section (Figure 4.A.5). Furthermore, geodetically-determined depths appear to track mid-depth clusters
of seismicity, revealing how geodetic methods only estimate the thickness of the locked zone. For
example, maximum seismicity depths (99% seismicity cutoff) of the entire Imperial South fault suggest
a seismogenic thickness of ~15 km, while geodetic measurements place the fault locking depth much
shallower, at 5.9 km, where a significant portion of the seismicity is also located. Revised seismicity
depths using a refined segmentation (segments 1a, 1b, 1c) provide a range of depth estimates (12.3, 19.9
and 18.4 km, respectively; 99% seismicity cutoff). Thus we find a reduction of seismicity depths for the
northernmost section of the Imperial South fault, however this depth remains significantly larger than
the geodetic estimate. Due to the lack of sesismicity along segment 1b, seismogenic depth for this
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section is fairly uncertain. Segment 1c deeper may be deeper than 1a from complex slip behavior with
associated creep [Lyons et al., 2002; Wdowinski, 2009].

Figure 4.A.5. Same as Figure 4.A.4 but for the Imperial South segment.

4.A.1.3 Imperial North, Segment 2
Seismicity along the Imperial North segment suggests further sub-segmentation into two sections
(segments 2a and 2b) may be appropriate. The northern section, segment 2a, is defined by a cluster of
seismicity (1762 events) spanning ~12 km. The southern section, segment 2b, is defined by a ~ 4 km
region void of seismicity followed by a small cluster of seismicity further to the south (938 events). This
seismicity cluster is due to an overlap between the segments of the 5 km seismicity window utilized to
do this analysis. Smith-Konter et al. [2011] calculated a geodetic depth of 11.6 km and a seismogenic
depth of 11.9 km for the entire fault, but there is little difference in seismogenic depth when we apply
the suggested sub-segmentation. At the 99% seismicity cutoff, we calculate 11.9 and 12.0 km depths for
segments 2a and 2b, respectively. The sub-segmentation analysis plot is given in Figure 4.A.6.
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Figure 4.A.6. Same as Figure 4.A.4 but for the Imperial North segment.

4.A.1.4 Brawley, Segment 3
The Brawley segment has several clusters of seismicity throughout the entire fault trace. In
particular, there is an abrupt increase of hypocenter locations around the middle of the fault trace toward
the north (Figure 4.A.7). This dramatic change in the number of events suggests that the fault could be
sub-divided into two sections (segments 3a and 3b) at that mid-section. The southern section contains
less number of events (2161) than the northern section (7041). Smith-Konter et al. [2011] estimated a
geodetic locking depth of 15.3 km and a seismogenic thickness of 10.9 km for the entire Brawley
segment, but seismogenic depths obtained after the sub-segmentation are even shallower. Using the 99%
seismicity cutoff, we determine seismogenic depths of 10.8 and 12.4 km for segments 3a and 3b,
respectively.
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Figure 4.A.7. Same as Figure 4.A.4 but for the Brawley segment.

4.A.1.5 Coachella Valley, Segment 4
For the Coachella Valley segment, Smith-Konter et al. [2011] initially estimated an 11.6 km
seismogenic depth derived from a 99% seismicity cutoff depth. Further inspection of seismicity alongstrike prompted us to sub-divide this segment into 3 sections (segments 4a, 4b, and 4c), given in Figure
4.A.8. Using this revised sub-segmentation, we find that Coachella segment 4a yields a seismic depth
(99% seismicity cutoff) of 13.4 km, 4b a depth of 15.4 km, and 4c a depth of 10.9 km. Segment 4b
demonstrates the deepest distribution of seismicity, although the number of earthquakes in this segment
is very small (197); Segment 4c prefers the (relatively) shallowest depth of seismicity, as there are a
significant number of earthquakes that cluster at a depth range of 5-10 km. The geodetic depth
determined by Smith-Konter et al. [2011], using the full Coachella segment length, is 11.5 km. This
depth is most closely aligned with the depth of seismicity determined from 4c sub-segment, however the
ensemble average of the seismicity data for this segment provided a very good match to begin with (11.6
km). We also note an obvious eastward offset of the seismicity from the mapped fault trace along the 4a
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and 4b segments. Motivated by this observation, we have begun to explore this offset in the context of a
dipping geometry (described in the Section 3.3 of the primary text).

Figure 4.A.8. Same as Figure 4.A.4 but for the Coachella Valley segment.

4.A.1.6 Palm Springs, Segment 5
The Palm Springs segment does not have a well-defined seismicity record, as shown in Figure
4.A.9. Therefore, no sub-segmentation is suggested for it. This fault is estimated to have a geodetic
depth of 16.4 km [Smith-Konter et al., 2011]. Seismogenic depths are estimated to be shallower with
11.4 km, 12.3 km and 15.3 km for the 90%, 95% and 99% seismicity cutoff depths, respectively.
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Figure 4.A.9. Same as Figure 4.A.4 but for the Palm Springs segment.

4.A.1.7 San Bernardino Mountains, Segment 6
Based on the historical seismicity, the San Bernardino Mountains segment is a very active
section of the SAF, containing 11,176 events. The majority of events are located along the southern
section of the fault segment, thus we subdivide this into two sections (segments 6a and 6b). Segment 6a,
the northern segment, contains 2685 events while segment 6b has 9341 earthquakes. The original
geodetic depth estimated this entire fault segment was 17.8 km, while the original seismogenic depth
was estimated at 18.3 km (99% seismity cutoff). Our revised sub-segmentation yields a more shallow
seismogenic depth of 14.2 km for segment 6a and a nearly equal depth of 18.6 km for segment 6b. This
behavior has also been noted by previous studies [Magistrale and Zhou, 1996; Plate 6 from RichardsDinger and Shearer, 2000; Nazareth and Hauksson, 2004], which report a maximum depth of seismicity
that is much deeper in the south (~20 km) than in the north (10-15 km).

129

Figure 4.A.10. Same as Figure 4.A.4 but for the San Bernardino segment.

4.A.1.8 Superstition Hills South, Segment 7a
Seismicity along the Superstition Hills South segment reveals a more active northern section
(Figure 4.A.11), which coincides with the Mw = 6.6 Superstition Hills earthquake of 1987 rupture (~26
km in length along) [Larsen et al., 1992]. Thus we sub-divide this fault segment into two sections
(segments 7aa and 7ab). We note that segment 7aa has a very constant seismogenic depth at both 90%
and 95% seismicity cutoff of 9.4 km and 9.8 km, respectively, and a depth estimate of 12.7 km with the
99% seismicity cutoff. Smith-Konter et al. [2011] also obtained a 12.7 km seismogenic depth for this
entire segment at the 99% seismicity cutoff. For segment 7ab, we obtain a seismogenic depth of 10.7
km (90% seismicity cutoff), 11.2 km (95% seismicity cutoff) and 12.0 km (99% seismicity cutoff).
Interestingly, the geodetic depth calculated for this segment (10.8 km) is in very good agreement with
the seismic depth (90% seismicity cutoff) obtained after the sub-segmentation.
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Figure 4.A.11. Same as Figure 4.A.4 but for the Superstition Hills South segment.

4.A.1.9 Superstition Hills North, Segment 7b
The seismic activity shown for the Superstition Hills North fault is very constant through the
segment (Figure 4.A.12) and therefore we do not suggest any further sub-segmentation. For this
segment, the geodetic depth calculated by Smith-Konter et al. [2011] is shallower (6.4 km) than the
seismogenic depths obtained for the 90 % (10.7 km), 95% (11.4 km) and 99% (13.5 km) seismicity
cutoff.

Figure 4.A.12. Same as Figure 4.A.4 but for the Superstition Hills North segment.
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4.A.1.10 Borrego, Segment 8
The Borrego segment shows significant seismic activity along the entire fault (Figure 4.A.13).
According to the LSH07 catalogue, it contains 3982 earthquakes in a 5 km seismic window. The
seismogenic depths obtained for the 90%, 95% and 99% seismicity cutoff (12.5 km, 13.0 km and 14.2
km, respectively) are not very different and the geodetic depth (8.0 km) is slightly lower. This segment
was highlighted by the Smith-Konter et al. [2011] analysis as having much lower geodetic depths than
seismic depths (as shown in Figure 4.A.2). From these results, it does not appear that a course subsegmentation of this fault is the source of the mismatch between seismic and geodetic depths. It is
possible that a sub-segmentation could be argued for the southern 1/3 section of this segment, but there
is no strong evidence for this and thus we limit our analysis to one continuous segment.

Figure 4.A.13. Same as Figure 4.A.4 but for the Borrego segment.

4.A.1.11 Coyote Creek, Segment 9
Like the previous segment, no further sub-segmentation appears to be needed for the Coyote
Creek segment based on the seismic distribution displayed by the fault as shown in Figure 4.A.14. The
geodetic depth calculated for this segment (4.5 km) is significantly shallower than the seismogenic
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thicknesses obtained for the 90% (13.8 km), 95% (14.1 km) and 99% (14.8) seismicity cutoff. This was
an expected result because this fault segment is one of the outliers discussed by the Smith-Konter et al.
[2011] comparison analysis and illustrated in Figure 4.A.2. Therefore, we were hoping that the
seismicity distribution along this fault would suggest additional sub-segmentation that might yield closer
matching geodetic and seismic depths. Like the Borrego segment, it could be argued that the middle
section of segment be segmented based on a break is seismicity distribution at depth, but there is no
strong evidence for this and thus we limit our analysis to one continuous segment for now.

Figure 4.A.14. Same as Figure 4.A.4 but for the Coyote Creek segment.

4.A.1.12 Anza, Segment 10
Out of all the segments analyzed in this study, the Anza segment contains the most earthquakes
(14,589 events). We suggest sub-segmentation of this fault based on the clustering of events. The
northern segment (segment 10a) although it contains a significant amount of earthquakes (6219 events),
appears less active. The geodetic depth calculated for this segment (13.7 km) is much shallower than the
seismogenic depths obtained at the three different seismic cutoff considered in this study. The 90%
seismicity cutoff suggest that segment 10a has a locking depth of 16.8 km while segment 10b a depth of
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15.1 km. Using the 95% seismicity cutoff, segment 10a is calculated to have a depth of 17.4 km and
segment 10b a locking depth of 15.7 km. The deepest locking depths for both sub-segments are obtained
when considering the 99% seismicity cutoff, with seismic depths of 18.7 and 17.0 km for segments 10a
and 10b, respectively. The geodetic depth for this segment is 13.7 km, however it is possible that
shallow fault creep may play role here. It is also possible that additional sub-segmentation could be
introduced along segment 10b, where there are three sharp clusters of events within the 10-20 km depth
range.

Figure 4.A.15. Same as Figure 4.A.4 but for the Anza segment.

4.A.1.13 San Jacinto Valley, Segment 11
The geodetic depth (21.5 km) calculated for this segment is fairly deep. From the seismicity
analysis we determine a fault depth of 15.8 km for the 90%, 16.4 km for the 95% and 17.7 km for the
99% seismicity cutoff. Due to an overall constant seismicity distribution throughout the fault (Figure
4.A.16), no sub-segmentation seems necessary here.
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Figure 4.A.16. Same as Figure 4.A.4 but for the San Jacinto Valley segment.

4.A.1.14 San Jacinto Mountains, Segment 12
The San Jacinto Mountains segment has similar seismogenic depths along its entire strike (17
km, 17.5 and 18.5 km for the 90%, 95% and 99% seismicity cuttoff, respectively). These are all
shallower than the geodetic depth (21 km) calculated by Smith-Konter et al. [2011]. Apparently these
discrepancies are not resolved by a sub-segmentation of the fault because the seismicity plot of the
segment (Figure 4.A.17) does not show significant variations along strike. We do note two clusters near
the middle section of the fault, indicating that additional sub-segmentation could be introduced along
segment 12 in future studies.
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Figure 4.A.17. Same as Figure 4.A.4 but for the San Jacinto Mountains segment.

4.A.1.15 Mojave, Segment 13
The seismicity distribution along the Mojave segment suggests additional subdivision might be
necessary. We estimate this subdivision as marking the portion of the fault that has more activity,
particularly evident in cross section. This division helped us to test the influence of seismicity
distribution on the seismogenic thickness calculations. From the 99% seismic cutoff we estimate that
segment 13a has a seismic depth of 19.4 km and segment 13b has a depth of 12.2 km. The same
behavior is seen when looking at the 90% (segment 13a, 14.2 km; segment 13b, 10.4 km) and 95%
seismic cutoff (segment 13a, 14.4 km; segment 13b, 11.3 km). Segment 13b, southern sub-segment,
registers the most number of seismic events (1122) but not the deepest seismic depth in comparison to
the 237 earthquakes in the northern segment (segment 13a). This behavior is due to the location of
events within the segment. Closer inspection reveals that although segment 13a has the least amount of
events, it contains the deepest registered earthquakes in the section (10 – 20 km deep). The seismic
events in segment 13b range between 0 to 17 km deep but most of them are located in the upper 10 km.
All the seismic depth values obtained for this fault are shallower than the 16.8 km locking depth
calculated from the geodetic approach.

Figure 4.A.18. Same as Figure 4.A.4 but for the Mojave segment.
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4.A.1.16 Carrizo, Segment 14
The Carrizo segment has a similar behavior as the Mojave segment. Based on the distribution of
seismicity, we suggest that this segment be subdivided into two sections. The geodetic depth for this
entire ault is 11.5 km, which is somewhat less that the depths obtained through seismicity. Segment 14a
has seismic depths of 14.4 km (90% seismic cutoff), 16.0 km (95% seismic cutoff) and 16.4 km (99%
seismic cutoff) and contains 70 seismic events (0 to 30 km deep). Seismic depths for segment 14b are
shallower (13.9, 14.4 and 15.9km for the 90%, 95% and 99% seismic cutoff, respectively) and the 767
earthquakes in this section are located 0 to 15 km deep with the majority of them at less than 12 km
below the surface. We also note that the variation in seismicity distribution in both map view and
profile are coincident with the bend in surface fault geometry along the Carrizo segment.
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Figure 4.A.19. Same as Figure 4.A.4 but for the Carrizo segment.

4.A.1.17 Cholame, Segment 15
Seismicity along the Cholame segment is not well-defined, as shown in Figure 4.A.20 and thus
we do note suggest further sub-segmentation. According to Smith-Konter et al. [2011], this fault has a
geodetic depth of 9.1 km. Seismicity calculations give a depth of 10.4 km, 11.1 km and 12.6 km for the
90%, 95% and 99% seismicity cutoff depths, respectively.

Figure 4.A.20. Same as Figure 4.A.4 but for the Cholame segment.

4.A.1.18 Parkfield, Segment 16
This is the least active fault of all the 20 faults considered in this study, with only 77 earthquakes
(within the 5 km seismic window) according to the Lin et al. [2007] catalogue. Based on the profile
distribution of seismicity, we suggest sub-segmenting the Parkfield fault to divide the most active
section (north) from the region void of seismicity (south). The northern section, segment 16a, has 69
earthquakes and its seismic depths are deeper (12.3 and 13.8 km for the 95% and 99% seismic cutoff,
respectively) than the geodetic depth of 10.9 km, which matches well with the 10.6 km depth obtained
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from the 90% seismic cut off. The 27 earthquakes found in sub-section 14b produced seismic depths of
11.3 km for the 90%, 11.4 km for the 95% and 12.3 km for the 99% seismicity cutoff, which are a few
kilometers (≤ 1.4 km) deeper than the geodetic locking depth.

Figure 4.A.21. Same as Figure 4.A.4 but for the San Jacinto Mountains segment.

4.A.1.19 Laguna Salada, Segment 30
The Laguna Salada segment shows evidence of having different seismicity clusters throughout
the fault trace. Based on this observation, we suggest sub-segmenting this fault into four sections to
distinguish between the alternating active and inactive sections. Sub-segments 30a and 30c are the most
active segments with 1548 and 256 earthquakes, respectively. Only 13 seismic events are distributed on
the remaining sub-segments (segments 30b and 30d). There is a big discrepancy between the seismic
and geodetic depths for this section. The 99% seismicity cutoff calculated seismic depths between 13.3
and 40 km for the sub-segmented Laguna Salada fault. These values are much deeper than the 9.0 km
locking depth obtained from the geodetic approach for the entire segment. This difference may rise from
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the technique used to obtain the locking depth of the fault, as a single geodetic depth was approximated
along this ~ 100 km fault. When considering the entire fault without any sub-segmentation, the seismic
approach estimated a depth of 15.2 km at 99% seismic cutoff; the only sub-segmented fault section to
provide seismic depths close to this or the geodetic depth is segment 30a (13.3 km).
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Figure 4.A.22. Same as Figure 4.A.4 but for the Laguna Salada segment.

4.A.1.20 Elsinore, Segment 31
The Elsinore fault is a very active segment, and due to the high density of seismic events alongstrike, it is difficult to distinguish where appropriate sub-segmentation sections should be placed. This
fault contains 9679 earthquakes within the 5 km seismic window. In cross section, there are some
regions along the fault that do not contain as much seismic activity as adjacent areas and we use this
type of observation to sub-segment the fault into four sections. The northern section, segment 31a, has
the shallowest seismic depths in contrast to the rest of the sub-segments. We obtain 10.7 km for the 90%
seismicity cutoff, 11.5 km for the 95% seiscmity cutoff and 14.0 using the 99% seismicity cutoff. These
seismic depths are less than the 14.8 km locking depth originally determined for the entire fault using a
geodetic approach. The deepest seismic depths are found at segment 30c where 15.4, 16.6 and 19.3 km
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depths are determined from the three cutoff criteria (90%, 95% and 99%, respectively). There is not
much difference in seismic depths between the remaining two sub-segments, 30b and 30d, since their
values only differ by less than ~ 1.5 km. Segment 30b has a seismic depth of 14.2 km at 90% seismicity
cutoff while segment 30d is 12.7 km at the same cutoff. Using the 95% seismicity cutoff, segment 3b
has a seismic depth of 15.1 and segment 3d only 1 km less than that. For the 99% seismicity cutoff, a
difference of 0.5 km between segment 30b (17.3 km) and segment 30d (17.7 km) is calculated.

Figure 4.A.23. Same as Figure 4.A.4 but for the Elsinore segment.

Table 4.A.1. Seismic and geodetic locking depths for 20 segments in the SAFS
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Segment
Number
0
a
b
c
1
a
b
c
2
a
b
3
a
b
4
a
b
c
5
6
a
b
7a
a
b
7b
8
9
10
a
b
11
12
13
a
b
14
a
b
15
16
a
b
30
a
b
c
d
31
a
b
c
d

Geodetic
Depth (km)
1.0

5.9

11.6
15.3
11.5

16.4
17.8
10.8
6.4
8.0
4.5
13.7
21.5
21.0
16.8
11.5
9.1
10.9
9.0

14.8

Seismic Depth (km)
90%
95%
99%
16.0
22.3
31.9
16.0
20.9
27.0
21.0
28.4
34.3
7.0
7.0
11.0
10.0
10.8
15.1
9.9
10.1
12.3
9.9
11.1
19.9
10.9
11.6
18.4
10.1
10.5
11.9
10.2
10.5
11.9
9.7
10.0
12.0
9.1
9.7
10.9
8.1
8.8
10.8
9.9
10.2
12.4
7.8
8.3
11.6
8.2
8.7
13.4
9.4
10.6
15.4
7.4
7.9
10.9
11.4
12.3
15.3
14.1
16.1
18.3
12.5
13.2
14.2
14.5
16.5
18.6
10.1
10.6
12.7
9.4
9.8
12.7
10.7
11.2
12.0
10.7
11.4
13.5
12.5
13.0
14.2
13.8
14.1
14.8
16.1
16.8
18.0
16.8
17.4
18.7
15.1
15.7
17.0
15.8
16.4
17.7
17.0
17.5
18.5
12.5
13.3
14.4
14.2
14.4
19.4
10.4
11.3
12.2
13.9
14.5
16.4
14.4
16.0
16.4
13.9
14.4
15.9
10.4
11.1
12.6
10.2
12.1
13.8
10.6
12.4
13.8
11.3
11.4
12.4
10.4
11.0
15.2
10.3
10.9
13.3
21.7
21.7
23.9
10.7
17.2
23.9
20.6
20.6
40.0
12.4
13.9
17.4
10.7
11.5
14.0
14.2
15.1
17.3
15.4
16.6
19.3
12.7
14.1
17.7
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Number of
Earthquakes
1076
634
402
37
2702
1810
130
891
2471
1762
938
8185
7041
2161
6666
1637
197
4833
1766
11176
2685
9341
5336
4294
1283
1002
3982
9085
14589
6219
11649
1603
9256
1343
237
1122
823
70
767
103
77
69
27
1810
1548
13
256
13
9679
2484
639
408
6353

Chapter 5: Avenues of future research

The research forming this dissertation was developed with the aim of contributing new details
about the deformation and stress/strain accumulation mechanisms involved in strike-slip fault motion
and basin formation. In particular, the results of this project provide insights into kinematic and dynamic
processes of fault deformation, enhanced by different styles of geodetic and geologic modeling of plate
motion. One of the most interesting structural features caused by strike-slip motion is basins, but the
relationship between these processes and features is poorly understood. Application of 3-D deformation
models to analyze basin formation, especially in the DVFZ, is fairly rare. This project is one of the first
attempts to investigate the kinematics and stress/strain rate accumulation of strike-slip faults and basin
formation in the DVFZ using 3-D models that integrate geologic and geodetic data, providing a template
for future research.
The efforts made to utilize different 3-D deformation models, combined with the results obtained
here, provide direction for improved application of future modeling approaches. First, an improved
understanding of the strengths and limitations of the specific modeling techniques discussed here can
greatly improve the application of such approaches to other fault systems. For example, viscoelastic
(time-dependent) models are sensitive to starting parameters (specific to inversion technique) and
earthquake recurrence interval, especially when the fault zone is very active. A sensitivity test of such
parameters could be useful to make better interpretations of the results obtained. In reference to the
results obtained in Chapter 2 using the semi-analytic viscoelastic model, it would also be beneficial to
explore variations in the deformation field arising from the Garlock fault, which was omitted from this
study.
Second, extended efforts relating to code modifications and testing alternate input parameters of
the FLAC3D model may be able to provide a better description of the processes occurring in the DVFZ
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area. The inclusion of the OVFZ and the PHSFZ in the calculations of strain rate and deformation may
provide important implications of how the stress field is distributed across the ECSZ. Also, as discussed
in Chapter 3, the presence of an intrusion in the system greatly influences the strain rate accumulation. It
would be very interesting to explore 1) the strain resulting from several intrusive events occurring at
different times either at the same or at different locations within the pull-apart basin region and 2) how
the deformation of the area varies as these intrusions are implaced. This will provide insight into basin
formation and other structures related to basins, such as flower structures. These structures resemble
flowers (tulip structures due to transpression and palm tree structures from transtension in the system),
and can also provide information about the kinematics and stresses developed by strike-slip duplex
systems like the DVFZ.
While the results of these combined studies are interesting and encouraging, they also provide
room for improvement. To obtain models that better describe the strike-slip fault systems analyzed in
this dissertation, it is important to take into account the fault systems in the vicinity of the area. In the
case of the DVFZ, the Garlock fault has been interpreted to play an important role in the deformation
and evolution of the Death Valley area [Dokka and Travis, 1990; Serpa and Pavlis, 1996]. Including
motion along the Garlock fault in both the 3-D semi-analytic viscoelastic and FLAC3D models will
contribute to an improved understanding of how strike-slip fault systems are related. In particular,
future work might be directed toward investigation how a fault with a different of strike-slip motion
(left-lateral instead of right-lateral, as the DVFZ), and in a position almost perpendicular to the ECSZ
and SAFS, influences the motion of other fault systems.
The data used to constrain the models is also of major importance. The 3-D semi-analytic
viscoelastic model depends primarily on the accuracy and resolution of geodetic velocity measurements.
Therefore, the accuracy of the results maybe greatly increased by using improved GPS data. GPS
stations with observations spanning longer periods of time (10+ years) will greatly improve the
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investigation of the fault systems analyzed here. The inclusion of GPS data time-series in future analysis
(using the semi-analytic viscoelastic model applied to the DVFZ) maybe interesting to pursue since
having this data set available may refine the estimations of crustal deformation and fault kinematics
through the earthquake cycle. Furthermore, including velocity observations from dense campaigns of
GPS stations and L-band radar interferometry can greatly improve the estimated of strain accumulation
rates of the model, which is an essential part for the understanding of the earthquake cycle [SmithKonter et al., 2011].
From the model results presented in Chapter 4, we noticed that high strain rate is not necessarily
accumulated along the fault trace but that it can cover a broader area (up to ~ 30 km away from the fault
trace). Therefore, adopting dip geometries for additional faults in the SAFS, as provided by the UCERF3
fault parameters set [Willis et al., 2008], may further improve strain calculations. This has important
implications on the location of future events since earthquake hypocenters may be located in a different
place other than at the fault surface trace as shown in the seismicity plots of Appendix 4.A using the Lin
et al., [2007] catalogue. In addition, the dipping fault geometry redistributes the strain of the entire fault
system, influencing the strain rate accumulation of other adjacent faults and thus increasing their seismic
hazard in some areas. This can also be further related to the triggering of seismic events.
The FLAC3D may also be modified to calculate strain due to dipping fault geometry in the SAFS,
which can then be used to compare the results with the dipping fault geometry model (semi-analytic
model). Constructing a dipping fault geometry FLAC3D model may not be too complicated because of
the detailed sub-segmentation and dipping geometry parameters, presented in Chapter 4, can be easily
included in the model code geometry. This could provide a good benchmarking exercise for exploring
the accuracy of the semi-analytic dipping fault geometry model (and future modifications made to it).
The dipping fault geometry model, that is an extension of the 3-D semi-analytic viscoelastic
model, should be further developed to include shallow dip angles. So far, this model is capable of
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making calculations for faults with a dip between 45° – 135°. Constructing a model code that can
represent shallower dipping faults will then improve upon the analysis of strain rate accumulation
magnitude and distribution since, as described in Chapter 4, there are faults within the SAFS with an
estimated dip angle of less than 45°. This modification to the modeling code will not only provide a
better understanding of how strike-slip dipping faults accumulate strain but also a more accurate
interpretations of the seismic hazard of the area.
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